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Abstract
Prior to their combustion, fuels for future high-speed aircraft are expected to experience
supercritical conditions, leading to the production of polycyclic aromatic hydrocarbons (PAH),
precursors to solid carbonaceous deposits, via pyrolytic reactions. These solid deposits can clog
fuel-transfer lines, causing unsafe aircraft operation. To prevent the formation of fuel-line
deposits, it is critical to understand the reaction pathways that lead to PAH formation in the
supercritical fuel pyrolysis environment.
To better understand the role of large 1-alkenes in PAH formation, supercritical pyrolysis
experiments with model fuel 1-octene, a representative 1-alkene product from supercritical nalkane pyrolysis, have been performed. The experiments are carried out in an isothermal, silicalined stainless-steel flow reactor at 94.6 atm, 133 sec, and ten temperatures in the range 440-535
°C.
Aliphatic products and one- and two-ring aromatics are analyzed by gas chromatography
with flame-ionization detection and mass spectrometry. A two-dimensional high-pressure liquidchromatographic technique establishes the identities of 180 three- to nine-ring PAH products—
178 of which have never before been identified as pyrolysis products of a large 1-alkene and all of
which are also produced in the supercritical n-decane pyrolysis reaction environment.
1-Octene readily converts due to its weak allylic C—C bond, and its rapid conversion
corresponds to the production of the highest-yield products at all temperatures, the straight-chain
aliphatics—particularly n-alkanes, 1-alkenes, and 2-alkenes. At temperatures ≤ 500 °C, high
yields of the C8 product 1-octene and the C16 products 6-hexadecene and 9-methyl-6-pentadecene
provide evidence that hydrogen abstraction of 1-octene’s allylic C—H

bond produces the

resonance-stabilized radical 1-octen-3-yl, whose resonance structure 2-octen-1-yl abstracts
xii

hydrogen to form 2-octene or reacts with 1-octene at the first or second or to form, with high
selectivity, 6-hexadecene or 9-methyl-6-pentadecene, respectively. Just like n-decane, 1-octene
pyrolysis produces an abundance of methyl-substituted PAH, which are a ready source of
arylmethyl and phenalenyl-type radicals. Reactions of these radicals with C2-C4 1-alkenes lead to
PAH growth of successively higher ring number. PAH as large as nine rings are already produced
at 500 °C, and the yields drastically increase as the temperature approaches 535 °C, 1-octene’s
temperature of incipient solids formation.

xiii

Chapter 1. Introduction
1.1. Background and Motivation
The development of future high-speed aircraft will not only have the fuel serve as the
propellant but also require the fuel to serve as the heat sink in the pre-combustion environment to
remove excess heat from engine components.1-4 It is estimated the fuel will be required to endure
a large heat capacity of around 1500 BTU/lb.5

While doing so, the fuel can experience

temperatures up to 700 °C for several minutes.6 In addition to the high temperatures, the fuel will
be exposed to pressures up to 130 atm, which is necessary to keep the fuel in a high-density state
for efficient heat transfer.1
These extreme temperatures and pressures, which are supercritical for jet fuels as well as
most hydrocarbons,1,4,7 can cause the fuel to undergo pyrolytic reactions. When the fuel absorbs
the heat, it causes the hydrocarbon components to breakdown into smaller products, mainly
consisting of alkanes and alkenes.8-13 These reactions are desirable because they are endothermic
and provide a way to meet the demanding heat absorption requirements. However, there are a
number of minor pyrolytic reactions that lead to the formation of polycyclic aromatic hydrocarbons
(PAH), which are precursors to carbonaceous solid deposits.1,14-18 These solid deposits are
extremely undesirable because they can clog fuel-transfer lines and injection nozzles, in turn,
hindering engine performance or worse, causing engine failure.1,9,19,20 In fact, it only takes 1 ppm
(of the fuel fed) of these solid deposits to plug the engine components in a matter of hours.1
Therefore, in order to mitigate the problems associated with the formation of the solid deposits, it
is vital to understand the reaction pathways that lead to PAH formation and growth under
supercritical conditions.

1

Hydrocarbon fuels consist primarily of n-paraffins and iso-paraffins (around 60% by
volume) in addition to cycloalkanes (around 20% by volume) and aromatics (around 20% by
volume).21,22 Because jet fuels are complicated mixtures, delineating reaction mechanisms from a
single reactant is an impossible task, but by taking a single model fuel component as a
representative of a particular class of jet fuel components, it makes it possible to trace back
products to the starting reactants by eliminating many of the reaction intermediates that are
involved. Studies have focused on both actual jet fuels5,15,23,24 and model fuels such as cyclic
hydrocarbons,11,14,25-27 decalin and tetralin,14,26 and aromatics16,28 to understand their reactivity and
propensity to form solids in the supercritical pyrolysis reaction environment. A lot of work has
centered on n-alkanes,1,5,10-12 including work from our group,29-34 since they make up such a
significant portion of jet fuel composition.
From the extensive n-alkane pyrolysis studies, it has been shown that n-alkanes have a
great proclivity to form solids.1,5,29 Song et. al.11 and Khorasheh and Grey12 have pyrolyzed
longer-chain n-alkanes under high pressure. Song et. al.11 conducted pyrolysis experiments with
n-tetradecane at a constant temperature of 450 °C, pressures between 2-9 MPa, and residence times
from 6-480 min. n-Alkanes and 1-alkenes were the first to form and dominated the product
distribution, but with longer residence times, the concentration of cylcloalkanes, alkylbenzenes,
and alkylnaphthalenes increased but not nearly to the extent of the n-alkanes and 1-alkenes.
Khorasheh and Grey12 performed pyrolysis experiments with n-hexadecane in a tubular flow
reactor at a constant pressure of 13.9 MPa, temperatures in the range from 380 to 450 °C, and
pressures from 0.06 to 2 hours. Just like Song et. al., they witnessed that n-alkanes and 1-alkenes
are the prevalent products. They also proposed that high-pressures aid in the reactions of radicals
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with 1-alkenes, and among their products, they detected long-chain n-alkanes with 18 to 31
carbons.
Work from our group29,32 has shown that the major products of supercritical n-decane
pyrolysis are C1-C9 n-alkanes and C2-C9 1-alkenes, which is consistent with other n-alkane
pyrolysis studies. The decomposition of n-decane, whose structure and bond-dissociation energies
are illustrated in Figure 1.1, begins with the breaking of its weakest bonds, the alkyl C—C bonds
with bond-dissociation energies of 86.1-87.5 kcal/mol.35 The breaking of these bonds produces 1alkyl radicals, and since hydrogen abstraction reactions are favored under high-pressure
conditions, the 1-akyl radicals can abstract hydrogen from n-decane (and other species in the

H

C

H

98-105 kcal/mol

86.1-87.5 kcal/mol
n-decane
Figure 1.1. Molecular structure of n-decane and relevant bond-dissociation energies.35
reaction environment) to form their respective n-alkanes.10,12,36,37 When the 1-alkyl radicals
abstract hydrogen from n-decane, it can take place either at the “1” carbon position of n-decane
(shown in Eq. (1)), resulting in a primary decyl radical or at the “2,” “3,” “4,”, or “5” carbon
positions of n-decane (shown in Eqs. (2)-(8)), resulting in secondary decyl radicals. The primary
and secondary decyl radicals can then undergo β-scission reactions, as illustrated by Eqs. (1)-(8).
The result of the β-scission reactions of the decyl radicals is the production of all of the C2-C9 1alkenes (shown in red) and C1-C8 1-akyl radicals (shown in black) that can abstract hydrogen to
form their respective n-alkanes. As temperature increases, the production of the small (C2-C4) 1alkenes increases rapidly.29,32
3
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In addition to the C1-C9 n-alkanes and C2-C9 1-alkenes, supercritical n-decane pyrolysis
leads to the formation of aromatic products.29-34,38 Most studies focusing on the supercritical
pyrolysis of n-alkanes have only investigated the alkane and alkene products.10-14,36 However, a
pyrolysis study conducted by Jia et. al.38 using n-decane reported one-ring and two-ring aromatics
among the pyrolysis products.

Song et. al.11 also reported these finding for n-tetradecane

pyrolysis. Since so little is known about PAH with three-rings or greater and since PAH are
precursors to solid deposits, our group has focused extensively on conducting supercritical ndecane pyrolysis experiments to gain an understanding of the reaction pathways that lead to PAH
formation and growth.29-34
In addition to the finding that pyrolyzing n-decane under supercritical conditions produces
an abundance of n-alkanes and 1-alkenes, it also produces many one- and two-aromatics and PAH,
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many of which contain methyl and other alkyl substituents.29-32 Studies from our group have also
revealed that temperatures in our reactor during our experiments (≤ 700 °C) are not high enough
to rupture the C—C bonds of the aromatic ring of the fuel reactant or fuel product.16,33,34 To this
end, supercritical n-decane pyrolysis experiments were conducted to which 1-methylnaphthalene,
2-methylnaphthalene, and 1-methylphenanthrene were each added as a dopant.33,34

These

experiments revealed that it is the reactions of resonantly stabilized arylmethyl and phenalenyltype radicals with smaller (C2-C4 1-alkenes), which are readily produced at higher temperatures,
that are key for perpetuating PAH growth in the supercritical n-alkane pyrolysis environment.
1.2. Purpose of this Study
There is a great understanding on what products are formed during n-alkane pyrolysis and
the roles they play in PAH growth, especially in regard to the smaller C2-C4 1-alkenes. However,
n-alkane pyrolysis also produces longer chain 1-alkenes, such as 1-octene, which is exemplified
by Eqs. (1)-(8). Very little has been studied on how these large straight-chain 1-alkenes affect the
fuel pyrolysis reaction environment under supercritical conditions. Since n-alkanes are prone to
forming solids and 1-alkenes are major products of n-alkane fuel pyrolysis, the purpose of this
study is to better understand the role of 1-alkenes during PAH formation and growth. To this end,
the current research focuses on conducting supercritical pyrolysis experiments with the model fuel
1-octene (critical temperature, 293.5 °C; critical pressure, 26.4 atm), a representative large 1alkene product of n-alkane pyrolysis.
Looking at the structure and bond-dissociation energies of 1-octene in Figure 1.2, its
weakest bond, the allylic C—C bond, with a bond-dissociation energy of 73.3 kcal/mol35 is
significantly less than that of any n-decane’s weakest bonds in Figure 1.1. Scission of this bond
leads to the resonance-stabilized allyl radical, which should be abundant even at low temperatures.
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Therefore, this work will explore how this low-temperature source of radicals and how the doublebond in a long straight-chain 1-alkene affect supercritical fuel pyrolysis behavior, especially in
regard to PAH formation and growth.

73.3 kcal/mol
C
H

H 83.4 kcal/mol

1-octene
Figure 1.2. Molecular structure of 1-octene and relevant bond-dissociation energies.35
1.3. Structure of the Dissertation
Chapter 2 presents the reactor system used to carry out the supercritical pyrolysis
experiments with an involved explanation on how to conduct the experiments. This chapter will
also explain the rigorous analytical techniques used to analyze the gas-phase and liquid-phase
products that are produced during the experiments.
Chapters 3 and 4 will provide new product identifications of supercritical 1-octene
pyrolysis. Chapter 3 focuses on the aliphatic products (including straight-chain n-alkanes and
alkenes, branched alkenes, and cycloalkanes) and one-ring aromatics. Chapter 4 focuses on the
three- to nine-ring PAH, revealing their identifications in reversed-phase high-pressure liquid
chromatographic chromatograms and provide ultraviolet-visible spectral and mass spectral
evidence for some of the PAH identifications.
Chapter 5 reports the results from the supercritical 1-octene pyrolysis experiments at a
fixed pressure and residence time of 94.6 atm and 133 sec, respectively, and ten temperatures: 440,
450, 460, 470, 475, 490, 500, 520, 530, and 535 °C. The yields of aliphatic products versus
temperature will be presented along with a discussion of the reaction pathways that lead to their
6

formation. In order to gain a better understanding of the role of 1-octene in the fuel pyrolysis
environment, the results will be compared to those from n-decane pyrolysis previously
obtained32-34 at the same pressure and residence time and temperatures of 530-570 °C. In order to
facilitate this comparison, four new pyrolysis experiments with n-decane were conducted at 495,
500, 515, and 520 °C.36
Chapter 6 reports the results from the same 1-octene and n-decane pyrolysis experiments
conducted in Chapter 5. However, this chapter focuses on the yields of aromatic products versus
temperature and their primary routes of formation.
Chapter 7 summarizes the conclusions drawn from the results reported in the dissertation
and highlights any major findings. Recommendations for future work in supercritical fuel
pyrolysis research will also be provided.
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Chapter 2. Experimental Equipment and Analytical Techniques
2.1. Introduction
In order to better understand the role 1-alkenes have on the growth and formation of
polycyclic aromatic hydrocarbons (PAH), supercritical pyrolysis experiments are performed with
the model fuel 1-octene (critical temperature, 293.5 °C; critical pressure, 26.4 atm), a
representative product of n-alkane pyrolysis. The experiments are performed in an isothermal,
isobaric reactor system that simulates the conditions jet fuels are predicted to experience in the
pre-combustion environment of future hypersonic aircraft. This chapter will give a detailed
description of the reactor system used to carry out the supercritical pyrolysis experiments as well
as the analytical techniques (developed by Bagely and Wornat)29-31 employed to identify and
quantify the pyrolysis products.
2.2. Supercritical Fuel Pyrolysis Reactor System
A schematic depicting the reactor system used in the supercritical fuel pyrolysis
experiments is shown in Figure 2.1. The isothermal, isobaric reactor system was designed by
Davis26 and previously used by Stewart,27 Ledesma et al.,28 and McClaine et al.,40-42 and Somers
et al.16 in its original form to conduct supercritical pyrolysis experiments using various model
fuels. The system was then modified in order to withstand higher temperatures and was then used
by Bagley,29-31 Nguyen,43 Grubb,44 and Kalpathy et al.32-34 to perform experiments with n-decane,
toluene,

n-decane/toluene

mixture,

n-decane/1-methylnaphthalene

mixture,

n-decane/2-

methylnaphthalene mixture, n-decane/fluorene mixture, and n-decane/1-methylphenanthrene
mixture. The reactor system consists of three parts: (1) the fuel loading/delivery zone, (2) the
heated and pressurized reaction zone, and (3) the gas and liquid product collection apparatus, and
each of these zones will be explained further in detail in this section.
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Prior to the start of the experiment, the fuel 1-octene (> 99 % pure, from Acros Organics)
is sparged with ultra-high purity nitrogen for at least three hours in order to remove any dissolved
oxygen that may be present, which could introduce auto-oxidative effects in the reaction
environment.45 Once the fuel is rid of any dissolved oxygen, it is loaded into a high-pressure
syringe pump (previously a Teledyne ISCO Model 314 Metering Pump upgraded to a Teledyne
ISCO 500D Syringe Pump) for continuous volumetric flow of the fuel to the reactor.
Ultra-high
purity N2

Pressure
gauge

Backpressure
regulator

Filter
Cooling
water in

Cooling
water out

Heat
exchanger

Waste
Gas phase
products

Condensed
phase
product
collector

Fuel
Sparge
vessel

Syringe
pump

Gas
sampling
bag

Fluidized
alumina
bath Reactor tubing

Bubble
flowmeter

Figure 2.1. Schematic of the supercritical fuel pyrolysis reactor system.
The reactor consists of silica-lined stainless steel tube (length, 53 cm; outer diameter, 3.17
mm; inner diameter, 2.16 mm) immersed in a fluidized alumina bath (Techne Model FB-08) that
ensures isothermality throughout the reactor length. The silica coating prevents any wall-catalyzed
reactions that would take place if the reactants were to come into contact with unlined stainless
steel.14,27
Upon entering and exiting the reactor, the reactant passes through a water-cooled (25 ºC)
heat exchanger, which ensures a consistent thermal history for the fuel and constant residence time
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for each experiment. The quenched products and unreacted 1-octene exiting the reactor pass
through a stainless-steel frit (10 μm hole size) to collect any solid deposits that may have formed
inside the reactor during the experiment and then pass through a dome-loaded back pressure
regulator, which maintains a constant pressure inside the reactor. As seen in Figure 2.1, the
products and unreacted 1-octene then proceed to the product collection apparatus where they are
separated by phase for subsequent analyses. The gas-phase products are collected in a Teflon gas
sampling bag connected to a bubble flow meter, which is used to measure the gas flow rate, and
the liquid-phase products (includes unreacted 1-octene) are collected in a 50 ml collection flask
immersed in an ice bath to prevent loss of volatile products. The reactor is able to operate at
temperatures up to 700 ºC (controlled to within ± 1 ºC), pressures up to 110 atm (controlled to
within ± 0.2 atm), and residence times up to several minutes.
By utilizing the reactor system in Figure 2.1, supercritical 1-octene pyrolysis experiments
have been performed in order to better understand the reaction pathways responsible for PAH
formation and growth in the supercritical 1-alkene pyrolysis reaction environment. To investigate
the effects of temperature on the yields of products in supercritical 1-octene pyrolysis, experiments
have been conducted at a fixed pressure of 94.6 atm, a constant residence time of 133 sec, and ten
temperatures of 440, 450, 460, 470, 475, 490, 500, 520, 530, and 535 ºC. For each temperature,
at least two experiments have been performed to check for reproducibility of the results. The
condition of incipient solids formation for 1-octene in this reactor system has been determined to
be 535 ºC, 94.6 atm, and 133 sec. At each of the conditions investigated, the collected gas-phase
and liquid-phase products (including unreacted 1-octene) account for ≥ 99.4 % of the mass fed to
the reactor. To gain a better understanding of the supercritical 1-alkene pyrolysis reaction
environment, this set of experiments is compared to a set of n-decane (critical temperature, 344.5
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ºC; critical pressure, 20.7 atm) experiments carried out in the same reactor system shown in Figure
2.1. Kalpathy et al.32-34 conducted n-decane (99.5 % pure, from Sigma-Aldrich Company)
experiments at the same fixed pressure and residence time and temperatures from 530 to 570 ºC,
but in order to facilitate the comparison of 1-octene’s results to n-decane’s results, n-decane
experiments were carried out at four additional temperatures of 495, 500, 515, and 520 ºC.36 The
results from these experiments are presented in Chapters 5 and 6.
2.3. Product Analysis
As depicted in Figure 2.1, the pyrolysis products including unreacted 1-octene are collected
separately by gas-phase and liquid-phase. The gaseous products consist of C1-C6 aliphatic and
one-ring aromatic products and are analyzed by gas chromatography (GC) with flame-ionization
detection (FID). The analytical technique to analyze the gas-phase products will be explained in
Section 2.3.1. The liquid-phase products consist of ≥ C3 aliphatic products, one- and two-ring
aromatic products, and PAH. The aliphatic and one- and two-ring aromatic products are analyzed
by GC coupled to FID and mass spectrometry (MS), and the PAH of ≥ 3 rings are analyzed by
high-pressure liquid chromatography (HPLC) with ultraviolet-visible diode-array detection (UVDAD) and MS. The analytical techniques to analyze the liquid-phase products by GC and HPLC
will be explained in Section 2.3.2.
2.3.1. Analysis of Gas-Phase Products
The gas-phase products are collected in a Teflon gas sampling bag and are diluted with
nitrogen before being shot an Agilent 6890 GC/FID. A GSGasPro fused silica capillary column
(length, 30 m; inside diameter, 0.32 mm; manufactured by J&W Scientific) is used to separate the
products. The carrier gas is helium with a flow rate of 5 mL/min. The sample injection volume is
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0.5 mL, and the split flow if 5:1. Initially, the oven temperature is held constant at 35 ºC for 2
minutes, and then, it is ramped to 240 ºC at 10 ºC/min with a final hold of 10 minutes.
The products are identified by matching their retention times to those of known reference
standards. Products in which references standards are not available are identified via their mass
spectra, by shooting the sample on a GC/MS and using the same column and method for separation
as the GC/FID. The products are quantified by multiplying the product’s FID peak area with a
response factor.

Response factors are determined by injecting reference standards of each

identified product at different known concentrations onto the GC/FID. The GC/FID response
factors used for this work can be found in Table A1 in Appendix A.
2.3.2. Analysis of Liquid-Phase Products
The liquid-phase products from supercritical 1-octene pyrolysis consist of aliphatics
(alkanes, alkenes, and cyclic aliphatics) and unsubstituted and substituted aromatics. Due to the
complexity of the product mixture, a sequence of analysis steps, as seen in Figure 2.2, is employed
in order to accommodate the various types of products and the vast range of product yields. The
sequence of steps, each designated by a circled number, are classified by the analytical techniques
used for the following products: (1) C3-C6 aliphatics, (2) ≥ C6 aliphatics and one-ring aromatics,
(3) two-ring aromatics, (4) 2- to 6-ring PAH, and (5) PAH with ≥ 5 rings.
2.3.2.1. Analysis of Aliphatic and One-Ring Aromatic Products
The identification and quantification of the aliphatic and one-ring aromatic products, as
well as the determination of 1-octene’s conversion, are achieved by Sequences 1 and 2 in Figure
2.2. For the experiments conducted at 450, 475, 500, 520, and 535 °C, the sample has been shot
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Liquid-Phase Products of Supercritical 1-Octene Pyrolysis
1

1 injection
@ 2 µL

GC/
FID/MS

2

2 injections
@ 2 µL

3

1 injection
@ 5-100 µL

4

lighter
part*
GC chromatogram GC chromatogram
of C3-C6 aliphatics of ≥ C6 aliphatics
and 1-ring aromatics

F1

heavier
part*

GC/
FID/MS

F1
GC chromatogram
of 2-ring aromatics

5

lighter
part*

heavier

F1 F2 F3 F4 F5 F6,7 F8,9 part*
HPLC/UV/MS
reversed-phase

F1 F2 F3 F4 F5 F6,7 F8,9
HPLC chromatograms
of 2- to 6-ring PAH

20 injections
@ 100 µL

HPLC/FC
normal-phase

HPLC/FC
normal-phase

HPLC/FC
normal-phase
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lighter
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20 injections
@ 20 µL

HPLC/FC
normal-phase

F6 F7 F8 F9 F10 F11 F12 F13 F14 F15
HPLC/UV/MS
reversed-phase

F6 F7 F8 F9 F10 F11 F12 F13 F14 F15
HPLC chromatograms
of PAH with ≥ 5 rings

Figure 2.2. Scheme of the fractionation and analyses of the liquid-phase products from the supercritical pyrolysis of 1-octene. “Fx”
denotes the fraction number. Note that there are five analysis or fractionation/analysis sequences. An exit stream marked “lighter part”
or “heavier part” from an HPLC/FC fractionation step in one of the sequences contains material whose analysis is covered in one of the
other analysis sequences, tailored to that material.
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an Agilent model 6890 GC/FID in conjunction with an Agilent model 5973 MS. For the
experiments conducted at 440, 460, 470, 490, and 530 °C, the sample has been shot on an Agilent
model 7890B GC/FID in conjunction with an Agilent model 5975C MS. A HP-5MSi fused silica
capillary column (length, 30 m; inside diameter, 0.25 mm; film thickness, 0.1 µm; manufactured
by J&W Scientific) is used for separation.
For the analysis of the C3-C6 aliphatic products, the sample is shot neat on the FID and MS,
and the injection volume is 2 μL for both detectors. The carrier gas is helium with a flowrate of
350 mL/min, and the split flow ratio is 175:1 to account for the fact that the sample is not diluted
before it is injected into the instrument. The oven is initially held at 40 °C for 3 min, then ramped
to 280 °C at 10 °C/min, and finally held constant at 280 °C for 30 min.
The products are identified by examination of their mass spectra and by matching their
elution times with their respective standards. The products are quantified by multiplying the FID
peak areas with response factors. The response factor used for the products was obtained from
shooting 1-pentene at different concentrations, which can be found in Tables A2 and A3 in
Appendix A.
For the analysis of the ≥ C6 aliphatic and one-ring aromatic products and 1-octene’s
conversion, a small amount of sample is first diluted in dichloromethane before being shot on the
GC/FID/MS. The injection volume is 2 μL for the FID and 4 μL for the MS. If any of the products’
FID peak areas are outside of the linear range, an even smaller amount of the sample is diluted in
dichloromethane and a second injection is made on the GC/FID/MS as illustrated by Sequence 2
in Figure 2.2. The split flow ration is set to 5:1. The oven is initially held at 40 °C for 3 min, then
ramped to 280 °C at 4 °C/min, and finally held constant at 280 °C for 30 min.
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The products are identified and quantified using the same technique described above for
the products of Sequence 1 in Figure 2.2. The response factors used can be found in Tables A2
and A3 in Appendix A. Due to the abundance of compounds, the response factors of compounds
with similar molecular weight and structure were used, and this list of surrogate compounds can
be found in Table A4 in Appendix A.
The next three sections will now describe the analytical techniques entailed to be able
analyze the aromatic products produced in the supercritical 1-octene pyrolysis reaction
environment. These rigorous analytical techniques outlined in Sequences 3-5 in Figure 2.2 were
developed by Bagley and Wornat29-31 and later modified by Kalpathy46 in order achieve the best
possible resolution for the identification and quantification of PAH. The products mixtures
produced in both n-alkane and 1-alkene pyrolysis contain an abundance of unsubstituted PAH and
their alkylated derivatives that exhibit poor resolution when solely separated by reversed-phase
high-pressure liquid chromatography (HPLC) columns, which otherwise, exhibit good resolution
for product mixtures containing only unalkylated PAH.16,43 Therefore a normal-phase HPLC
technique (based on a method originally developed by Wise et al.)47 is employed to fractionate the
product mixture into 15 fractions based on ring number. Table 2.1 presents the PAH isomer
classes, which can be found in each fraction. The fractions include the “primary constituents”
which are the unsubstituted parent PAH. Alkylated derivatives of these “primary constituents” are
also collected in each fraction. Each fraction in then analyzed further by GC/FID/MS or reversedphase HPLC.
The normal-phase HPLC steps shown in Sequences 3-5 in Figure 2.2 are carried out on an
Agilent model 1200 HPLC with a diode-array ultra-violet (UV) absorbance detector and a fraction
collector (FC). The HPLC/FC is equipped with two Restek normal-phase Cyano columns (each
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with a diameter of 46 mm, length of 250 mm, and particle size of 5 μm) that are used for separation.
In order to determine the division of the first nine fractions, a PAH 16 standard containing a
mixture of unsubstituted PAH that represent the different isomer groups of PAH is shot on the
normal-phase Cyano columns, and the fractions are cut based on the elution times of the standards.
For the determination of how to divide Fractions 10-14, the Cyano columns are installed on the
HPLC/UV/MS, and a sample from the 1-octene experiments at the highest stressing condition (535
°C, 94.6 atm, and 133 sec) is shot repeatedly on the columns. Single-ion monitoring on the MS is
used with the different molecular masses monitored as the following: 302 for Fraction 10, 326 for
Fraction 11, 350 for Fraction 12, 374 for Fraction 13, and 376 for Fraction 14. Determining the
collection times of fractions 10-14 is the same process as for Fractions 1-9 except that a certain
molecular weight represents an entire isomer group. The process for collecting fraction 15 will be
explained in Section 2.3.2.3.
Table 2.1. Contents of the 15 normal-phase HPLC fractions of supercritical 1-octene pyrolysis.
Fraction Number

Primary Constituents

1

2-ring, C8H10

2

3-ring, C13H10

3

3-ring, C14H10

4

4-ring, C16H10

5

4-ring, C18H12

6

5-ring, C20H12

7

5-ring, C20H12 and C21H14

8

6-ring, C22H12

9

5-ring, C22H14 and 7-ring, C24H12

10

6-ring, C24H14

11

7-ring, C26H14

12

8-ring, C28H14

13

9-ring, C30H14

14

8-ring, C30H16

15

10-ring, C32H14
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2.3.2.2. Analysis of Two-Ring Aromatic Products
Illustrated by Sequence 3 in Figure 2.2, the two-ring aromatics are analyzed using a
combination of normal-phase HPLC and GC/FID/MS. First, a 5-100 μL (depending on the
sample) volume of sample is subjected to normal-phase HPLC to separate the two-ring aromatic
products from the aliphatic material that would, otherwise, co-elute on the GC. Then, the two-ring
aromatics are collected in hexanes (designated as Fraction 1) where 2 μL and 4 μL are injected on
the FID and MS of the GC, respectively. The oven is initially held at 60 °C for 3 minutes, then
ramped to 220 °C at a rate of 4 °C/min, and finally ramped to 280 °C at a rate 15 °C/min with a
final hold of 10 min. The split flow ratio is 5:1, and the carrier gas is helium at a flow rate of 5
mL/min. The products are identified by matching their retention times to those of reference
standards. Quantification is achieved by multiplying FID peak areas with response factors.
Response factors are determined by injecting reference standards at different concentrations on the
GC/FID. The response factors used for the two-ring aromatic products can be found in Tables A2
and A3 in Appendix A. Fraction 1 is also analyzed by HPLC/UV/MS.
2.3.2.3. Analysis of Two- to Ten-Ring PAH
Sequences 4 and 5 in Figure 2.2 outline the fractionation and analysis steps used for the
analysis of PAH. Sequence 4 is used to analyze 2- to 6-ring PAH and Sequence 5 for PAH ≥ 5
rings. Sequence 4, which is considered as the “less-involved” fractionation, is first split into seven
fractions using normal-phase HPLC. To ensure that there is an adequate amount of material to be
analyzed for each of the fractions, 48 separate 1 μL injections are injected onto the normal-phase
Cyano columns of the HPLC/FC. The mobile phase is hexane, which is pumped through the
columns at a rate of 1 mL/min. Each run lasts 30 min, and the columns are maintained at 11 °C.
The fractions are concentrated down utilizing a Kuderna Danish apparatus and then analyzed on
the HPLC/UV/MS.
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Note that the first four fractions of Sequence 5 overlaps with the last two fractions of
Sequence 4. The PAH (≥ 5 rings) of Sequence 5 are orders of magnitude lower than the PAH of
Sequence 4 and thus, require additional fractionation steps, deemed the “more-involved”
fractionation. First, 20 injections at 100 μL each are made on the normal-phase HPLC/FC in order
to separate the higher-ring PAH from the lighter products as seen in the first panel of Figure 2.2.
The Cyano columns are maintained at 25 °C. Initially, pure hexane is pumped through the columns
at 1 mL/min for 40 min. Then, the solvent is ramped to 90/10 hexane/dichloromethane (DCM) in
1 min and held constant for 9 minutes. The collected material in the first step is collected as two
separate fractions: (1) the material collected that contains Fractions 6-14 (5- to 9-ring PAH) and
(2) the material collected in 90/10 hexane/DCM that consists of Fraction 10 (10-ring PAH). The
material consisting of Fraction 6-14 is then concentrated down using a Kuderna Danish apparatus,
and the remaining solvent is evaporated using a nitrogen blow down and exchanged in 200 μL of
n-decane. The second fractionation step consists of fractionating the material into Fractions 6-14
by making 20 injections at 20 μL each on the normal-phase HPLC/FC. The final step (third step
of Sequence 5 in Figure 2.2) is to concentrate each fraction down, including Fraction 15, using a
Kuderna Danish apparatus and analyze the 5- to 10-ring PAH products by reversed-phase
HPLC/UV/MS.
In order to analyze each fraction on the reversed-phase HPLC, they are first concentrated
down using a Kuderna Danish apparatus, and then, Fraction 1 is exchanged in 100 μL of dimethyl
sulfoxide (DMSO) while the remainder of the fractions are exchanged in 45 μL of DMSO. DMSO
is chosen because it is compatible with the solvents used in the methods of the reversed-phase
analyses. Each fraction is injected at 1 to 20 μL onto an Agilent model 1100 HPLC coupled to an
ultraviolet-visible (UV) diode-array detector and mass spectrometer. The MS monitors mass-to-
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Table 2.2. Reversed-phase HPLC methods used for analysis of PAH products produced from the
supercritical pyrolysis of 1-octene.

Method

Sequence

Column
Temperature
(° C)

Used for
Fraction

1

Mobile phase is 50/50 H2O/ACN held for 70 min

40

F2

2

Mobile phase is 35/65 H2O/ACN held for 30 min

40

F3

3

Mobile phase is 35/65 H2O/ACN held for 40 min

40

F4

4

Mobile phase is 40/60 H2O/ACN held for 50 min

50

F5

5

Mobile phase is 35/65 H2O/ACN held for 60 min

50

F6,7

6

Mobile phase is initially 15/85 H2O/ACN and then
ramped at a constant gradient for 80 min to pure
ACN and held for 100 min

30

F6, F7, F8,
and F8,9

7

Mobile phase is initially 60/40 H2O/ACN, then
ramped at a constant gradient for 60 min to pure
ACN and held for 30 min, and then ramped at a
constant gradient for 60 min to pure DCM and held
for 30 min

30

F10

8

Mobile phase is initially 50/50 H2O/ACN, then
ramped at a constant gradient for 40 min to pure
ACN and held for 30 min, and then ramped at a
constant gradient for 120 min to pure DCM and
held for 30 min

30

F11

9

Mobile phase is initially 50/50 H2O/ACN, then
ramped at a constant gradient for 40 min to pure
ACN and held for 30 min, and then ramped at a
constant gradient for 90 min to pure DCM and held
for 30 min

30

F12, F13,
F14, and
F15

charge ratios up to 700 by employing atmospheric-pressure photo ionization. A dopant delivery
system has been installed downstream of the UV detector, which introduces benzene into the spray
chamber of the MS. Benzene enhances the ionization of the PAH products, thus giving stronger
mass signals, which is crucial since the yields of the PAH products are extremely low. The details
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of the dopant delivery system are outlined elsewhere.48 A Restek Pinnacle II PAH octadecylsilica
column (C18) (inner diameter of 2.1 mm, length of 250 mm, and particle size of 4 μm) is used for
separation of the PAH products. The solvents used in the methods either consist of pure
acetonitrile (ACN), pure dichloromethane (DCM), or an ACN/water mixture. The details of the
solvent sequences for the analysis of each fraction are outlined in the work of Bagley and
Wornat.29-31 Table 2.2 presents a concise representation of the details of the solvent compositions
of each method used for analysis of each fraction in this work.
Figure 2.4 is an example of a reversed-phase HPLC chromatogram of Fraction 8, which
was obtained from first separating the products of a supercritical 1-octene pyrolysis experiment
(535 °C, 94.6 atm, and 133 sec) by reversed-phase HPLC.

This fraction mainly contains

benzo[ghi]perylene, indeno[1,2,3-cd]pyrene, and anthanthrene and their alkylated derivatives.
The color coding of the compounds indicates the degree of alkylation where the black PAH are
unsubstituted, the red PAH are singly methylated, and the blue PAH are ethylated or dimethylated.
Of the methylbenzo[ghi]perylenes, 4-methylbenzo[ghi]perylene is the only one in which the exact
location of the methyl substituent is assigned because this standard was the only one available.
The matching of UV spectra and mass spectra assist in unequivocally identifying the
PAH products.

Panels a and c of Figure 2.5 provide an example of the isomer-specific

identification of two unsubstituted PAH, benzo[a]pyrene and methylbenzo[ghi]perylene. It is
evident that there is extremely good agreement between the products’ UV spectra (shown in black)
and the reference standards’ UV spectra (shown in red). The mass spectra shown in the insets of
Figure 2.5 establishes the CxHy formula of the PAH, the molecular mass, and whether or not any
alkyl substituents are attached to the aromatic structure. In the inset of panel a of Figure 2.5, the
molecular weight is 252, corresponding to a C x H y formula of C 20 H 12 , thus establishing
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Figure 2.4. HPLC chromatogram of six-ring C22H12 PAH and alkylated derivatives from the
supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm, and 133 sec. The black structures represent
unsubstituted PAH, the red structures represent single-methylated PAH, and the blue structures
represent dimethylated or ethylated PAH.
benzo[a]pyrene as having no alkyl substituents on its aromatic core. The same case holds true for
benzo[ghi]perylene except that its molecular weight is 276 and its CxHy formula is C22H12. For
PAH with alkyl substituents, the UV spectrum looks almost identical to that of its parent PAH,
only that it is shifted a few nm to higher wavelength.49,50 This becomes apparent when looking at
panels a and b of Figure 2.5, where the UV spectra of benzo[a]pyrene and 8-methylbenzo[a]pyrene
(shown in red) are almost identical. The mass spectrum inset of panel b of Figure 2.5 indicates the
1-octene pyrolysis product is methyl-substituted derivative of benzo[a]pyrene, and the good
agreement between the UV spectra of the pyrolysis product/reference standard combination
unequivocally establishes the unknown product as 8-methylbenzo[a]pyrene. Looking at pandel d
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Figure 2.5. The black line is the UV spectrum of a PAH product from the supercritical pyrolysis
of 1-octene overlaid with the red line, which is the UV spectrum of a reference standard. The inset
shows the mass spectrum of the compound and establishes is CxHy formula. By matching the UV
spectrum of the unknown to that of a known reference standard, the compounds can unequivocally
be identified as follows: (a) benzo[a]pyrene, (b) 8-methylbenzo[a]pyrene, (c) benzo[ghi]perylene,
and (d) a methylbenzo[ghi]perylene. Note that for part d, the assignment of the location of the
methyl group is not possible due to lack of reference standards.
of Figure 2.5, it can be seen that 1-octene pyrolysis product’s UV spectrum (shown in black)
matches fairly well with the UV spectrum of benzo[ghi]perylene except that the product’s
spectrum is shifted a few nm to higher wavelength. The inset of panel b of Figure 2.5 establishes
this product to be a singly methylated benzo[ghi]perylene, but due to lack of reference standards,
the exact location of the methyl substituent is unknown.
In order to quantify the products, the peak areas are multiplied by response factors. A
PAH 16 standard was employed for calibration of the HPLC/UV/MS, and the determined response
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factors were used for the quantification of PAH. Since there is a large variety of PAH, it is
impractical as well as impossible to get the response factor for each individual PAH. However, it
has been shown in a study by Lafleur et al.51 that response factors do not change on a mass basis,
so response factors are adapted to PAH of similar mass families. For alkylated PAH, the response
factors were multiplied by the ratio of the molecular weight of the alkylated PAH to the molecular
weight of its parent PAH. The response factors used for the quantification of the PAH and the list
of product components along with their surrogate compounds whose response factors have been
used for their quantification can be found in Tables A5 and A6 in Appendix A, respectively. This
type of HPLC/UV/MS analysis is well suited for this work since the number of PAH grows
exponentially with ring number.
2.4. Concluding Remarks
In this chapter, the experimental setup used to conduct the supercritical 1-octene pyrolysis
experiments along with the analytical used in identification and quantification of the products
produced from these experiments have been described in detail. The employment of these
techniques will be highlighted in the presentation and discussion of the following chapters.
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Chapter 3. Identification of Aliphatic and One-Ring Aromatic Products
3.1. Introduction
This chapter presents 56 new identifications of aliphatic and aromatic products of
supercritical 1-octene pyrolysis. These products are identified by employing the analytical
techniques described in Section 2.3.2.1. The products are separated by gas chromatography and
identified by matching the elution times and mass spectra. In the following sections, the aliphatic
and one-ring aromatic products are listed based on the following structural classes: (1) n-alkanes,
alkenes, and dienes, (2) C16 aliphatic products (3) cyclic aliphatics, and (4) one-ring aromatics.
3.2. Identification of n-Alkanes, Alkenes, and Dienes
Table 3.1 lists the new identifications of the n-alkanes, alkenes, and dienes of supercritical
1-octene pyrolysis along with their chemical formulas, molecular weights, and chemical structures.
Most of the products are identified by shooting a reference standard on the GC/FID/MS and
matching the elution time and mass spectrum. However, there are two exceptions, 2-undecene and
2-dodecene, which are tentatively identified based on elution behavior and mass spectral evidence.
More specifically, for the GC analytical techniques used for this work, 2-alkenes always elute
directly after their n-alkane counterpart. Additionally, 2-undecene and 2-dodecene have distinct
mass spectra and thus, can confidently be identified via their mass fragmentation patterns. For the
products listed, the identification of the alkenes and dienes includes both the cis and trans isomers.
Also, the products 1,3-pentadiene and 1,5-hexadiene exist both in the gas and liquid phases.
3.3. Identification of C16 Aliphatic Products
In the GC chromatograms (especially for the analyses done for 1-octene experiments at the
higher temperatures), there are several large product peaks that elute much later than a majority of
the other products, and examination of the mass spectra indicates that these products contain 16
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Table 3.1. n-Alkanes, alkenes, and dienes of supercritical 1-octene pyrolysis. (Note that 2undecene and 2-dodecene are tentative identifications.)
Product

Chemical
Formula

Molecular
Mass

1,3-pentadiene

C5H8

68

1,4-pentadiene

C5H8

68

2-hexane

C6H12

84

3-hexene

C6H12

84

1,3-hexadiene

C6H10

82

1,5-hexadiene

C6H10

82

2-heptene

C7H14

98

3-heptene

C7H14

98

3-octene

C8H16

112

4-octene

C8H16

112

2-nonene

C9H18

126

3-nonene

C9H18

126

4-nonene

C9H18

126

2-decene

C10H20

140

1-undecene

C11H22

154

2-undecene

C11H22

154

1-dodocene

C12H24

168

2-dodecene

C12H24

168

1-tridecene

C13H26

182

1-tetradecene

C14H28

196

n-pentadecane

C15H32

212

1-pentadecene

C15H30

210

Structure

carbons. The identifications of the C16 products are shown in Table 3.2 along with the chemical
formulas, molecular weights, and chemical structures. n-Hexadecane and 1-hexadecene are
identified by shooting a reference standard on the GC/FID/MS and matching their elution times
and mass spectra to that of the reference standards. However, reference standards for the other
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compounds listed in Table 3.2 are not commercially available and require additional analytical
techniques in order to distinguish the isomers.
Table 3.2. C16 aliphatic products of supercritical 1-octene pyrolysis.
Product

Chemical
Formula

Molecular
Mass

n-hexadecane

C16H34

226

1-hexadecene

C16H32

224

5-hexadecene

C16H32

224

6-hexadecene

C16H32

224

7-hexadecene

C16H32

224

9-methyl-6pentadecene

C16H32

224

Structure

Because the mass fragmentation patterns for the straight-chain hexadecenes are identical,
identifying the exact location of the double-bond for the other hexadecenes requires a
derivatization method.52 For this derivatization method, the product mixture is treated with
dimethyl disulfide (DMDS), which attaches to the double-bound unit of the chemical structure to
form a DMDS adduct.52 The sample is then analyzed by capillary GC and GC/MS and the precise
location of the DMDS adduct allows us to determine the precise location of the double-bond as
well as whether the structure of the compound is cis or trans.52 This methods reveals the identities
of 5-, 6- and 7-hexadecenes and rules out the presence of 2-, 3-, and 4-hexadecenes. A specially
synthesized standard of 8-hexadecene also rules out the presence of 8-hexadecene. For all of the
straight-chain hexadecenes present (except 1-hexadecene which only has one chemical structure),
the identities include both the cis and trans isomers.
For the last product in Table 3.2, the mass fragmentation pattern shows the highest mass
as 224, which is indicative of the compound having of CxHy formula of C16H32. However, the
mass fragmentation pattern greatly differs from any of the straight-chain hexadecenes and does
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not contain any characteristics of a cyclic aliphatic or aromatic product. Therefore, by process of
elimination, the unknown product peaks were thought to potentially be a branched long-chain
alkene (cis and trans isomers) and after careful consideration of what are the most plausible
products to form based on reaction mechanisms, 9-methyl-6-pentadecene appeared as the most
likely candidate. After having this compound specially synthesized and shot on the GC/FID/MS,
the identification of the two unknown peaks are in fact cis- and trans-9-methyl-6-pentadecene.
3.4. Identification of Cyclic Aliphatic Products
Many cyclic aliphatics are formed during the supercritical pyrolysis of 1-octene, and they
either consist of a five-membered ring or a six-membered ring. Table 3.3 lists the identifications
of the C5-ring cyclic aliphatics along with their chemical formulas, molecular masses, and
chemical structures.

These products are identified by shooting reference standards on the

GC/FID/MS and matching elution times and mass spectra. Cyclopentene and cyclopentadiene are
present in both the gas and liquid phases.
Table 3.4 lists the identifications of C6-ring cyclic aliphatics along with their chemical
formulas, molecular masses, and chemical structures. Most of these are identified utilizing the
same method as the cyclic aliphatic products with five-membered rings. An exception is the C10substituted cyclohexanes that are tentatively identified based on their mass fragmentation patterns.
These compounds elute around the same time as the C16 aliphatic products from Section 3.3.
3.5. Identification of One-Ring Aromatic Products
Of the one-ring aromatic products of supercritical 1-octene pyrolysis, most of them have
already been previously identified in the work that came before.53 Nevertheless, the onering aromatic products with substituents containing three carbons were tentatively identified and
their exact chemical structures were unknown. After obtaining reference standards and shooting
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Table 3.3. C5-ring aliphatic products of supercritical 1-octene pyrolysis.
Product

Chemical Molecular
Formula
Mass

cyclopentane

C5H10

70

cyclopentene

C5H8

68

cyclopentadiene

C5H6

66

methylcyclopentane

C6H12

84

1-methylcyclopentene

C6H10

82

3-methylcyclopentene

C6H10

82

1-methylcyclopentadiene

C6H8

80

2-methylcyclopentadiene

C6H8

80

5-methylcyclopentadiene

C6H8

80

ethylcyclopentane

C7H14

98

3-ethylcyclopentene

C7H12

96

Structure

them on the GC/FID/MS, some of the identifications of the C3-substituted one-ring aromatics are
revealed; more specifically, all three possible trimethylbenzenes are products of supercritical 1octene pyrolysis. One remaining peak also shows evidence of being a C3-substituted one-ring
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Table 3.4. C6-ring aliphatic products of supercritical 1-octene pyrolysis.
Product

Chemical Molecular
Formula
Mass

cyclohexane

C6H12

84

cyclohexene

C6H10

82

1,3-cyclohexadiene

C6H8

80

methylcyclohexane

C7H14

98

1-methylcyclohexene

C7H12

96

3-methylcyclohexene

C7H12

96

4-methylcyclohexene

C7H12

96

1,2-dimethylcyclohexane

C8H16

112

1,3-dimethylcyclohexane

C8H16

112

1,4-dimethylcyclohexane

C8H16

112

ethylcyclohexane

C8H16

112

4-ethylcyclohexene

C8H14

110

C10-substituted
cyclohexanes

Structure

Cy

C16H32

224

29

Cx

Cz
C10-y-z

C10-x

aromatic, and based on the fact it is not n-propylbenzene or any of trimethylbenzenes, it must be
an ethylmethylbenzene. Due to a lack of reference standards, the exact locations of the ethyl and
methyl groups on the aromatic unit are unknown. The identities of the one-ring aromatic products
are presented in Table 3.5.
Table 3.5. One-ring aromatic products of supercritical 1-octene pyrolysis.
Product

Chemical
Formula

Molecular
Mass

1,2,3-trimethylbenzene

C9H12

120

1,2,4-trimethylbenzene

C9H12

120

1,3,5-trimethylbenzene

C9H12

120

Ethylmethylbenzene

C9H12

120

Structure

C2

Concluding Remarks
In this chapter, 56 new identifications of aliphatic and one-ring aromatic products produced
from the supercritical pyrolysis of 1-octene have been provided. The details of how these products
are formed and how temperature affects their yields will be discussed later in Chapter 5. The next
chapter will show reversed-phase HPLC chromatograms obtained from the analytical techniques
discussed in Section 2.3.2.3 as well as provide evidence for some PAH identifications.
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Chapter 4. Identification of Polycyclic Aromatic Hydrocarbons (PAH)
4.1. Introduction
This chapter presents the identification of polycyclic aromatic hydrocarbons (PAH) that
are produced from the supercritical pyrolysis of 1-octene. As described in Section 2.3.2.3, a twodimensional high-pressure liquid chromatographic (HPLC) technique is used to separate the PAH
products, and then, the products are analyzed by diode-array ultraviolet-visible (UV) detection and
mass spectrometry (MS). First, using normal-phase HPLC, the product mixture is separated into
15 fractions by atomic structure. Then, the product components of each fraction are individually
separated by reversed-phase HPLC, so that a combination of UV, MS, and elution time data can
be utilized for PAH identification and quantification.
Reversed-phase HPLC chromatograms containing individual PAH identifications of
Fractions 2-13 will be presented as well as UV absorbance and mass spectral data for supporting
the identification of some PAH products. Fraction 1 contains mainly naphthalene and its alkylated
derivatives, which are analyzed by gas chromatography (GC) as described in Section 2.3.2.2 and
therefore, will not be presented in this chapter. Acenaphthene is the only compound found in
Fraction 1 that is analyzed by HPLC because this product is in too low of a concentration to be
detected on the GC which has a much lower sensitivity than the HPLC. Table B1 found in
Appendix B lists the names, chemical formulas, chemical structures, and number codes of 217
aromatic products that have been identified and quantified, by GC and HPLC analyses, of the
supercritical 1-octene pyrolysis experiments; acenaphthene is product 156b. The products listed
in Table B1 are the same exact species we have previously identified for n-decane.29-34 Of the 180
3- to 9-ring PAH, 178 are first-time identifications of a large alkene (˃ C6) fuel. Only phenanthrene
and anthracene have ever been identified before as pyrolysis products of a large 1-alkene.54
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4.2. Identification of PAH Products Found in Fraction 2
Fraction 2 of the liquid-phase products contains mainly 3-ring PAH of the C13H10 structural
class and their alkylated derivatives. The reversed-phase HPLC chromatogram of this fraction
obtained from the highest stressing experimental condition (535 °C, 94.6 atm, and 133 sec) is
shown in Figure 4.1. The convention for labeling the PAH product peaks used throughout this
chapter is the following: unsubstituted PAH are in black, singly methylated PAH are in red, C2substituted PAH are in blue, C3-substitued PAH are in green, and PAH with a substituent

Average UV Absorbance (190 –590 nm)

containing a double-bond are in purple. The product peaks of this chromatogram pertain to the
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Figure 4.1. HPLC chromatogram of Fraction 2 containing three-ring, C13H10 PAH and their
alkylated derivatives from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm, and 133 sec.
The black structures represent unsubstituted PAH, the red structures represent singly methylated
PAH, the blue structures represent C2-substituted PAH, and the purple structures represent PAH
with substituents containing a double-bond.
32

following identifications as PAH products of supercritical 1-octene pyrolysis: acenaphthylene
(152a), 2-vinylnaphthalene (154a), 1-methylacenaphthylene (166a), benz[f]indene (166b),
benz[e]indene (166c), phenalene (166d), dibenzofulvene (178a), and fluorene (166e) and its
alkylated derivatives (180a-e, 194a). With the assistance of reference standards and elution
behavior, the isomer-specific identifications of all the methylfluorenes are known as well as 9ethylfluorene. There is a methylbenz[e]indene and a C2-substituted fluorene in which the core
aromatic structure is known due to the fact that the UV spectrum of alkyl substituted PAH looks
exactly like that of the parent PAH except shifted to a few nm higher wavelength as discussed in
Section 2.3.2.3.49,50 The mass spectral data provides input on the degree of alkylation on the
aromatic unit, but due to lack of reference standards, the exact position is unknown.
Figure 4.2 shows the UV spectral matches of acenaphthylene eluting at 23 min, fluorene
eluting at 35 min, and phenalene eluting at 36 min, which are found in the chromatogram of Figure
4.1. For acenaphthylene and fluorene, there is good agreement between the product component’s
UV spectrum (shown in black) and reference standard’s UV spectrum (shown in red). A reference
standard for phenalene is not available, but its UV spectrum is taken from literature.55 By
comparing the pyrolysis product’s spectrum (shown in black) to the published UV spectrum of
phenalene (shown in red), it can be seen that there is good agreement between the two. Therefore,
it is possible to identify PAH without physical standards if reliable UV data is available.
Furthermore, the molecular weights of these three compounds, presented in the insets of Figure
4.2, help to further validate their identifications. All of the products shown here have been
reported, by our group, for the first time as pyrolysis products of a large 1-alkene.
4.3. Identification of PAH Products Found in Fraction 3
Fraction 3 of the liquid-phase products contains mainly 3-ring PAH with the chemical
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Figure 4.2. Comparisons of the UV spectra of 1-octene pyrolysis products (black lines) from the
chromatogram in Figure 4.1 to reference spectra (red lines). Matches shown are for (a)
acenaphthylene, (b) fluorene, and (c) phenalene. The mass spectra of the products are displayed
as insets to the parts of the figure. Note that UV spectrum for phenalene is taken from literature.55
formula C14H10 and their alkylated derivatives. The reversed-phase HPLC chromatogram of this
fraction obtained from the highest stressing experimental condition (535 °C, 94.6 atm, and 133
sec) is shown in Figure 4.3. The product peaks pertain to the following PAH identifications:
phenanthrene (178b) and its alkylated derivatives (192b-f, 206a), anthracene (178c) and its
alkylated derivatives (192g-i), 4H-cylopenta[def]phenanthrene (190a), 9-ethylidenefluorene
(192a), and acephenanthrene (204a), which can all be found in Table B1 in Appendix B. All of
the methylated phenanthrenes and anthracenes are known as well as 9-ethylphenanthrene, but the
position of the alkyl substituents for the other C2- and C3-substituted phenanthrenes and
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anthracenes are unknown. The UV spectra establish the aromatic core unit of the alkyl-substituted
phenanthrenes and anthracenes while the mass spectra helps to establish the degree of alkylation.
Phenanthrene and anthracene are two PAH that have previously identified as pyrolysis products
of a large (˃ C6) 1-alkene,54 but the rest of the products are first-time identifications of a large 1-
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Figure 4.3. HPLC chromatogram of Fraction 3 containing three-ring, C14H10 PAH and their
alkylated derivatives from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm, and 133 sec.
The black structures represent unsubstituted PAH, the red structures represent singly methylated
PAH, the blue structures represent C2-substituted PAH, the green structures represent C3substituted PAH and the purple structures represent PAH containing substituents with a doublebond.
Figure 4.4 presents the UV spectral matches of phenanthrene eluting at 14 min, anthracene
eluting at 16 min, 1-methylphenanthrene eluting at 20 min, and 1-methylanthracene at 20.9, which
are found in the chromatogram of Figure 4.3. Looking at Figure 4.4, phenanthrene in part a and
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1-methylphenanthrene in part b both have very good agreement between their product’s (shown in
black) and reference standard’s (shown in red) UV spectra. The same can be said for anthracene
and 1-methylanthracene found in parts c and d of Figure 4.4. The mass spectra, presented in the
insets to the figures, further confirm these PAH identifications. For 1-methylphenanthrene and 1methylanthracene, by shooting the reference standards on the HPLC and determining their
retention times, it definitively establishes the location of the methyl group as sometimes using UV
spectra alone can be difficult since the shape of the spectrum is preserved so closely to that of the
parent compound and its alkylated derivatives.
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Figure 4.4. Comparisons of the UV spectra of 1-octene pyrolysis products (black lines) from the
chromatogram in Figure 4.3 to reference standards (red lines). Matches shown are (a)
phenanthrene, (b) 1-methylphenanthrene, (c) anthracene, and (d) 1-methylanthracene. The mass
spectra of the products are displayed as insets to the parts of the figure.
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4.4. Identification of PAH Products Found in Fraction 4
Fraction 4 of the liquid-phase products contains mainly 4-ring PAH of the C16H10 structural
class and their alkylated derivatives. The reversed-phase HPLC chromatogram of this fraction
obtained from the highest stressing experimental condition (535 °C, 94.6 atm, and 133 sec) is
shown in Figure 4.5. The product peaks pertain to the following PAH identifications: fluoranthene
(202a) and its alkylated derivatives (216a-f), pyrene (202c) and its alkylated derivatives (216j-l,
230b), acephenanthrylene (202b), 7H-benz[de]anthracene (216b), benzo[a]fluorene (216g),
benzo[b]fluorene (216h), benzo[c]fluorene (216i), and 3,4-dihydrocyclopenta[cd]pyrene (228e),
which are all located in Table B1 in Appendix B. The elution order of all of the methylpyrenes
and methylfluorenes is known; however, 2-methylfluoranthene eluting at 28 min is a special case
as it cannot be fully resolved and co-elutes with benzo[a]fluorene and benzo[b]fluorene. 1Ethylpyrene is the only C2-substituted pyrene in which substituent and its location is known.
Figure 4.6 provides an example of how a UV spectrum is affected when several PAH
products elute in a single peak.

As mentioned earlier, 2-methylfluoranthene elutes with

benzo[a]fluorene and benzo[b]fluorene, and the UV spectrum of these co-eluting products are
illustrated as black lines in parts a-c of Figure 4.6. For part a of Figure 4.6, the 1-octene pyrolysis
product’s UV spectrum is compared to that of 2-methylfluoranthene. Looking at the absorbance
maxima around 240, 280, and 360, it is observed that 2-methylfluoranthene contributes to many
of the features of the product spectrum. The product’s UV spectrum is then compared to
benzo[a]fluorene’s and benzo[b]fluorene’s in parts b and c of Figure 4.6, and the other
characteristics of the UV spectrum occur from the influence of both benzo[a]fluorene and
benzo[b]fluorene. Therefore, the UV spectrum of the pyrolysis product is a combination of all
three of these PAH products. Additionally, mass spectrometry establishes the molecular weight
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as 216, shown in the insets to the figures. Reference standards for these three compounds are available,
and when injected on the HPLC, they all have the exact same retention time. All of the products
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shown in this fraction have never been previously identified before as products of a large 1-alkene.
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Figure 4.5. HPLC chromatogram of Fraction 4 containing four-ring, C16H10 PAH and their
alkylated derivatives from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm, and 133 sec.
The black structures represent unsubstituted PAH, the red structures represent singly methylated
PAH, and the blue structures represent C2-substituted PAH.
4.5. Identification of PAH Products Found in Fraction 5
Fraction 5 of the liquid-phase products contains mainly 4-ring PAH with chemical formula
C18H12 and their alkylated derivatives. The reversed-phase HPLC chromatogram of this fraction
obtained from the highest stressing experimental condition (535 °C, 94.6 atm, and 133 sec) is
shown in Figure 4.7. The product peaks pertain to the following PAH identifications: benz[a]anthracene
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Figure 4.6. Comparisons of the UV spectra of 1-octene pyrolysis products (black lines) from the
chromatogram in Figure 4.5 to reference standards (red lines). The pyrolysis product’s UV
spectrum is a result of 2-methylfluoranthene, benzo[a]fluorene, and benzo[b]fluorene co-eluting
with each other. The product’s UV spectrum is compared against reference standards of (a) 2methylfluoranthene, (b) benzo[a]fluorene, and (c) benzo[b]fluorene. The mass spectra of the
products are displayed as insets to the parts of the figure.
(228a), chrysene (228b) and its methylated derivatives (242a,d-f), triphenylene (228c) and its
methylated derivatives (242b and c),benzo[ghi]fluoranthene (226a), 2-vinlypyrene (228d)
cyclopenta[cd[pyrene (226b), 4-methylcyclopenta[cd]pyrene (240b), and 6H-benzo[cd]pyrene
(240c), which are all listed listed in Table B1 in Appendix B. There is a methylbenz[a]anthracene
that elutes around 52 min in the chromatogram where the location of the methyl group is unknown.
Figure 4.8 presents the UV spectral matches for all of the PAH with the chemical formula
of C18H12, which translates to a molecular weight of 228. Looking at parts a-d of Figure 4.8, it can
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Figure 4.7. HPLC chromatogram of Fraction 5 containing four-ring, C18H12 PAH and their
alkylated derivatives from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm, and 133 sec.
The black structures represent unsubstituted PAH, the red structures represent singly methylated
PAH, and the purple structures represent PAH containing substituents with a double-bond.
observed that the for each product, its UV spectrum is almost identical to that of the reference
standard. Because 2-vinylnaphthalene (part d of Figure 4.8) is in much lower concentration than
the other three PAH, its UV spectrum (shown in black) is not as smooth, but this product still exists
in adequate amounts to get a good UV spectral match. Sometimes if it is not the case, then the
sample has to be a shot a higher injection volume on the HPLC in order for products to be identified
and quantified with confidence. All of the PAH in Fraction 5 reported here are first time
identifications, by our group, as products produced from the pyrolysis of a large (˃ C6) 1-alkene.
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Figure 4.8. Comparisons of the UV spectra of 1-octene pyrolysis products (black lines) from the
chromatogram in Figure 4.7 to reference standards (red lines). Matches shown are (a)
benz[a]anthracene, (b) chrysene, (c) triphenylene, and (d) 2-vinlynaphthalene. The mass spectra
of the products are displayed as insets to the parts of the figure.
4.6. Identification of PAH Products Found in Fraction 6
Fraction 6 of the liquid-phase products contains mainly 5-ring PAH with chemical formula
C20H12 and their alkylated derivatives. The reversed-phase HPLC chromatogram of this fraction
obtained from the highest stressing experimental condition (535 °C, 94.6 atm, and 133 sec) is
shown in Figure 4.9. The product peaks pertain to the following PAH identifications: benzo[a]pyrene
(252e) and its alkylated derivatives (266h-s), benzo[e]pyrene (252g) and its alkylated derivatives (266b,
t-x), benzo[g]chrysene (278g), and methylbenzo[g]chrysene (292a), which are located in Table B1 in
Appendix B.

The identifications and elution order of all 12 methylbenzo[a]pyrenes and 6
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methylbenzo[e]pyrenes are known, but none of the locations of the substituents for the C2-substituted
benzo[a]pyrene and benzo[e]pyrenes are known. It is also the case that the location of the methyl group
for the methylbenzo[g]chrysene eluting at 17.5 min is not known. Figure 4.10 presents evidence for the
identifications of benzo[a]pyrene and benzo[e]pyrene. All of the products found in Fraction 6 presented
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Figure 4.9. HPLC chromatogram of Fraction 6 containing five-ring, C20H12 PAH and their
alkylated derivatives from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm, and 133 sec.
The black structures represent unsubstituted PAH, the red structures represent singly methylated
PAH, and the blue structures represent C2-substituted PAH.
4.7. Identification of PAH Products Found in Fraction 7
Fraction 7 of the liquid-phase products contains mainly 5-ring PAH with chemical formulas
C20H12 and C21H14 and their alkylated derivatives. The reversed-phase HPLC chromatogram of this

42

235

250

m/z

265

280

1-octene pyrolysis
product

210

240

270
300
330
Wavelength (nm)

220

1-octene pyrolysis
product

benzo[a]pyrene
reference standard
360

210

390

252

Ion Abundance

UV Absorbance

UV Absorbance

220

b

252

Ion Abundance

a

240

270
300
330
Wavelength (nm)

235

250

m/z

265

280

benzo[e]pyrene
reference standard

360

390

Figure 4.10. Comparisons of the UV spectra of 1-octene pyrolysis products (black lines) from the
chromatogram in Figure 4.9 to reference standards (red lines). Matches shown are (a)
benzo[a]pyrene and (b) benzo[e]pyrene. The mass spectra of the products are displayed as insets
to the parts of the figure.
fraction obtained from the highest stressing experimental condition (535 °C, 94.6 atm, and 133
sec) is shown in Figure 4.11. The product peaks in the chromatogram pertain to the following
identifications: benzo[a]fluoranthene (252a), benzo[b]fluoranthene (252b), benzo[k]fluoranthene (252c),
benzo[j]fluoranthene (252d), perylene (252f) and methylperylenes (266y and z), dibenzo[a,c]fluorene
(266a), methylbenzo[a]fluoranthene (266c), methylbenzo[j]fluoranthene (266aa), dibenzo[a,h]fluorene
(266e), naphtho[2,1-a]fluorene (266f), naphtho[2,3-a]fluorene (266g), and methyldibenzo[a,c]fluorene

(280a). The only compounds in which the location of the methyl group is known are 1- and 2methylperylene.
Figure 4.12 reveals the UV spectral matches for benzo[a]fluoranthene eluting at 18 min
and benzo[j]fluoranthene eluting at 19 min. A reference standard for benzo[a]fluoranthene is
not commercially available, but its UV spectrum was published by Clar.56 Therefore, by
matching the published UV spectrum for benzo[a]fluoranthene to the product’s UV spectrum
that we expect to be benzo[a]fluoranthene, we see there is extremely good agreement between
the two. Looking at part a in Figure 4.12, slight discrepancies between the two spectra are
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observed. These differences are due to the difference in the mobile phases used to record the
UV spectra. Clar recorded the UV spectrum for benzo[a]fluoranthene in ethanol,56 whereas, the
mobile phase we used for our method includes a water/acetonitrile mixture. For benzo[j]fluoranthene
(part b in Figure 4.12), it can be seen that the UV spectrum of the 1-octene pyrolysis product is
identical to that of the reference standard benzo[j]fluoranthene. Therefore, we can unequivocally
identify the product peak eluting at 19 min as benzo[j]fluoranthene. The rest of the PAH of this
fraction have been identified by using these methods just described, in addition to using mass
spectra and elution times. All of the products shown here have been identified, for the first time,
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Figure 4.11. HPLC chromatogram of Fraction 7 containing five-ring, C20H12 and C21H14 PAH
and their alkylated derivatives from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm,
and 133 sec. The black structures represent unsubstituted PAH and the red structures represent
singly methylated PAH.
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Figure 4.12. Comparisons of the UV spectra of 1-octene pyrolysis products (black lines) from the
chromatogram in Figure 4.11 to reference spectra (red lines). Matches shown are for (a)
benzo[a]fluoranthene and (b) benzo[j]fluoranthene. The mass spectra of the products are
displayed as insets to the parts of figure. Note that UV spectrum for benzo[a]fluoranthene is taken
from literature.56
4.8. Identification of PAH Products Found in Fraction 8
Fraction 8 of the liquid-phase products contains mainly 6-ring PAH with the chemical
formula C22H12 and their alkylated derivatives. The reversed-phase HPLC chromatogram of this
fraction obtained from the highest stressing experimental condition (535 °C, 94.6 atm, and 133
sec) is shown in Figure 4.13. The product peaks pertain to the following PAH identifications:
indeno[1,2,3-cd]pyrene (276a) and its alkylated derivatives (290a-g), benzo[ghi]perylene (276b) and its
alkylated derivatives (290h-i), anthanthrene (276c) and its alkylated derivatives, dibenzo[a,l]pyrene
(302g), and naphtho[1,2-e]pyrene (302k). Of all the alkylated PAH, only 4-methylbenzo[ghi]perylene
is conclusively known as we have acquired a reference standard for this compound. The elution order
of the other methylbenzo[ghi]perylenes is thought to be 7-, 6-, 5-, 3-, 1- and 4-methylbenzoghiperylene,
which is predicted based on elution behavior, but the exact identifications for the substituents of the other
alkylated PAH are indefinite. Figure 4.14 provides the UV spectral matches for indeno[1,2,3-cd]pyrene,
benzo[ghi]pyrene, and anthanthrene. Analysis of the mass spectra has established the molecular weight
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for all of these compounds as 276, which is presented in the insets of parts a-c in Figure 4.14. Once
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Figure 4.13. HPLC chromatogram of Fraction 8 containing six-ring, C22H12 PAH and their
alkylated derivatives from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm, and 133 sec.
The black structures represent unsubstituted PAH, the red structures represent singly methylated
PAH, and the blue structures represent C2-substituted PAH.
4.9. Identification of PAH Products Found in Fraction 9
Fraction 9 of the liquid-phase products contains mainly 5-ring, C20H12 PAH and their
alkylated derivatives and 7-ring, C21H14 PAH and their alkylated derivatives. The reversed-phase
HPLC chromatogram of this fraction obtained from the highest stressing experimental
condition (535 °C, 94.6 atm, and 133 sec) is shown in Figure 4.15. The product peaks pertain

46

255

270

m/z

285

300

indeno[1,2,3-cd]pyrene
reference standard

240

240

270

255

270

m/z

285

300

benzo[ghi]perylene
reference standard

1-octene pyrolysis
product
210

276

Ion Abundance

UV Absorbance

UV Absorbance

240

b

276

Ion Abundance

a

1-octene pyrolysis
product
300

330

360

390

420

210

240

270

Wavelength (nm)

250

1-octene
pyrolysis
product

280

240

360

390

420

276

Ion Abundance

UV Absorbance

c

300
330
Wavelength (nm)

255

270

m/z

285

300

anthanthrene
reference standard

310

370
340
Wavelength (nm)

400

450

Figure 4.14. Comparisons of the UV spectra of 1-octene pyrolysis products (black lines) from the
chromatogram in Figure 4.13 to reference standards (red lines). Matches shown are (a)
indeno[1,2,3-cd]pyrene, (b) benzo[ghi]perylene, and (c) anthanthrene. The mass spectra of the
products are displayed as insets to the parts of the figure.
to the following PAH identifications: benzo[b]chrysene (278a), dibenz[a,h]anthracene (278b) and
methyldibenz[a,c]anthracenes (292b-d), dibenz[a,j]anthracene (278c), benzo[a]naphthacene
(278d), pentaphene (278e), picene (278f), coronene (300a), and 1-methylcoronene (314a) as well
as other alkylated coronenes (shown in blue), and all of the coded PAH can be found in Table B1
in Appendix B. Due to lack of reference standards, the assignment of the alkylated PAH to
particular isomers (except 1-methylcoronene) is not feasible. Since it is the case that coronene has
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a symmetrical structure, the “1” position is the only position in which the methyl group can reside

Average UV Absorbance (190 –590 nm)

for the methylcorononene.

20

40

60

80

100

120

140

Reversed-Phase HPLC Elution Time (min)

Figure 4.15. HPLC chromatogram of Fraction 9 containing five-ring, C20H12 PAH and seven-ring,
C21H14 and their alkylated derivatives from the supercritical pyrolysis of 1-octene at 535 °C, 94.6
atm, and 133 sec. The black structures represent unsubstituted PAH, the red structures represent
singly methylated PAH, and the blue structures represent C2-substituted PAH.
Parts a and b of Figure 4.16 provide UV spectral matches for two PAH with the molecular
weight of 278, where the mass signal is presented in the insets to the figure parts. By comparing
the UV spectrum of the pyrolysis product (shown in black) to that of the reference standard (shown
in red), we are able to explicitly identify the peak eluting at 22 min as dibenz[a,c]anthracene (part
a of Figure 4.16) and the peak eluting at 30.5 min as pentaphene (part b of Figure 4.16). Parts c
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and d of Figure 4.16 show the identifications of coronene and 1-methylcoronene, respectively.
Each of the product’s spectrum is compared to the spectrum of coronene, and we see that both are
in excellent agreement with the reference spectrum. We anticipate, for 1-methylcoronene, that its
spectrum to be shifted just a couple nm higher than coronene, and looking at part d in Figure 4.16,
we do indeed see that this is the case. The molecular weights for coronene and 1-methylcoronene
are 300 and 314, respectively, as seen by the insets to the figure. All of the products of Fraction 9
reported here are first time identifications, by our group, as pyrolysis products of a large (C6) 1-alkene.
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Figure 4.16. Comparisons of the UV spectra of 1-octene pyrolysis products (black lines) from the
chromatogram in Figure 4.15 to reference standards (red lines). Matches shown are (a)
dibenz[a,c]anthracene, (b) pentaphene, (c) coronene, and (d) 1-methylcoronene. The mass spectra
of the products are displayed as insets to the parts of the figure.
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4.10. Identification of PAH Products in Fraction 10
Fraction 10 of the liquid-phase products contains mainly 6-ring, C24H14 PAH and their
alkylated derivatives. The reversed-phase HPLC chromatogram of this fraction obtained from the
highest stressing experimental condition (535 °C, 94.6 atm, and 133 sec) is shown in Figure
4.17. The product peaks pertain to the following PAH identifications: dibenzo[b,j]fluoranthene
(302m), naphtho[1,2-b]fluoranthene (302b), naphtho[2,3-e]pyrene (302j), dibenzo[a,e]pyrene
(302f), benzo[b]perylene (302e), dibenzo[e,l]pyrene (302f), naphtho[2,3-b]fluoranthene (302a),
and naphtho[2,1-a]pyrene (302h). Dibenzo[a,i]pyrene (302l), which elutes at 100 min, and
naphtho[2,3-a]pyrene (302i), which elutes at 110 min, are also products in this fraction but are
difficult to show because they elute where the baseline rises steeply due to dichloromethane. All
of these compounds can be found in Table B1 in Appendix B. Figure 4.18 presents the UV
spectral matches for naphtho[2,3-e]pyrene (part a), dibenzo[a,e]pyrene (part b), and
naphtho[2,1-a]pyrene (part c). The insets to the parts of the figure show that the molecular mass
of each compound is 302.
4.11. Identification of PAH Products in Fraction 11
Fraction 11 of the liquid-phase products contains mainly 7-ring, C26H14 PAH and their
alkylated derivatives. The reversed-phase HPLC chromatogram of this fraction obtained from the
highest stressing experimental condition (535 °C, 94.6 atm, and 133 sec) is shown in Figure
4.19.

The product peaks pertain to the following PAH identifications: naphtho[1,2-

b]fluoranthene (302b), dibenzo[b,j]fluoranthene (302m), benz[a]indeno[1,2,3-cd]pyrene (326c),
dibenzo[b,ghi]perylene (326f), naphtho[1,2,3,4-ghi]perylene (326g), dibenzo[e,ghi]perylene
(326d), dibenzo[cd,lm]perylene (326i), naphtho[8,1,2-bcd]perylene (326h), benz[a]indeno[1,2,3jk]pyrene

(326b),

fluoreno[1,9-ab]pyrene

(326a),

benz[l]indeno[1,2,3-cd]pyrene

(326j),

benz[5,6]indeno[1.2,3-cd]pyrene (326k), and tribenzo[a,c,h]]fluorene (328a), all of which are
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Figure 4.17. HPLC chromatogram of Fraction 10 containing seven-ring, C24H14 PAH and their
alkylated derivatives from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm, and 133 sec.
The black structures represent unsubstituted PAH.
listed in Table B1 of Appendix B.

The two compounds, naphtho[1,2-b]fluoranthene and

dibenzo[b,j]fluoranthene, are also found in Fraction 10. Splitting of PAH is usually due to how
the fractions are cut, which is why it is important to shoot reference standards, if available, on the
normal-phase HPLC in order to determine in which fraction a certain PAH product elutes. All of
the PAH identified in this fraction are unsubstituted PAH as represented by the black structures in
Figure 4.19.
The spectral matches for benz[l]indeno[1,2,3-cd]pyrene and benz[5,6]indeno[1,2,3cd]pyrene are illustrated in parts a and b, respectively, of Figure 4.20. As previously mentioned
in Section 4.1, all of these products have also been identified, by our group, as pyrolysis products
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Figure 4.18. Comparisons of the UV spectra of 1-octene pyrolysis products (black lines) from the
chromatogram in Figure 4.17 to reference standards (red lines). Matches shown are (a)
naphtho[2,3-e]pyrene, (b) dibenzo[a,e]pyrene, and (c) naphtho[2,1-a]pyrene. The mass spectra of
the products are displayed as insets to the parts of the figure.
of n-decane.29-34

Benz[l]indeno[1,2,3-cd]pyrene was suspected to be among the n-decane

pyrolysis products based on UV spectral and mass spectral evidence, and also, atomic force
microscopy (AFM) performed on an n-decane sample (570 °C, 94.6 atm, and 133 sec) of Fraction
11 revealed the structure of what was believed to be benz[l]indeno[1,2,3-cd]pyrene.57 Therefore,
after synthesizing the compound and shooting it on the HPLC, this compound was determined to
exist amongst the pyrolysis products for both n-decane57 as well as for 1-octene. Based on the UV
spectral matches, molecular weights, and elution times, we have been able to identify
benz[l]indeno[1,2,3-cd]pyrene and benz[5,6]indeno[1,2,3-cd]pyrene as 1-octene pyrolysis
52

products. These two products as well as the rest of the PAH products presented here in Figure
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Figure 4.19. HPLC chromatogram of Fraction 11 containing six-ring, C26H14 PAH and their
alkylated derivatives from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm, and 133 sec.
The black structures represent unsubstituted PAH.
4.12. Identification of PAH Products in Fraction 12
Fraction 12 of the liquid-phase products contains mainly 8-ring PAH of the C28H14
structural class and their alkylated derivatives. The reversed-phase HPLC chromatogram of this
fraction obtained from the highest stressing experimental condition (535 °C, 94.6 atm, and 133
sec) is shown in Figure 4.21. The product peaks pertain to the following PAH identifications:
tribenz[a,c,h]anthracene (328a), benzo[h]pentaphene (328c), benzo[c]pentaphene (328b),
benzo[a]coronene (350e), phenanthro[5,4,3,2-efghi]perylene (350d) and its methylated derivatives
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Figure 4.20. Comparisons of the UV spectra of 1-octene pyrolysis products (black lines) from the
chromatogram in Figure 4.19 to reference standards (red lines). Matches shown are (a)
benz[l]indeno[1,2,3-cd]pyrene and (b) benz[5,6]indeno[1,2,3-cd]pyrene. The mass spectra of the
products are displayed as insets to the parts of the figure.
(364h-o), benzo[cd]naphtho[3,2,1,8-pqra]perylene (350c), benzo[pqr]naphtho[8,1,2-bcd]perylene (350a) and
its methylated derivatives (364a-g), and benzo[ghi]naphtho[8,1,2-bcd]perylene (350b), and all of these
products are listed in Table B1 in Appendix B. Figure 4.22 provides the UV spectral matches for
two of the PAH found in Fraction 12, benzo[a]coronene (part a) and benzo[pqr]naphtho[8,1,2bcd]perylene. It can be seen that there is very good agreement between the two spectra, and the
insets to the parts of the figure establish the molecular weight of each compound as 350. All of
the compounds mentioned in this fraction have never previously identified before as pyrolysis
products of a large (˃ C6) 1-alkene.
4.13. Identification of PAH Products in Fraction 13
Fraction 13 of the liquid-phase products contains mainly 9-ring PAH of the C30H14
structural class and their alkylated derivatives. The reversed-phase HPLC chromatogram of this
fraction obtained from the highest stressing experimental condition (535 °C, 94.6 atm, and 133
sec) is shown in Figure 4.23. The product peaks pertain to the following PAH identifications:
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Figure 4.21. HPLC chromatogram of Fraction 12 containing eight-ring, C28H14 PAH and their
alkylated derivatives from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm, and 133 sec.
The black structures represent unsubstituted PAH, and the red structures represent singly
methylated PAH.
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Figure 4.22. Comparisons of the UV spectra of 1-octene pyrolysis products (black lines) from the
chromatogram in Figure 4.19 to reference standards (red lines). Matches shown are (a)
benzo[a]coronene and (b) benzo[pqr]naphtho[8,1,2-bcd]pyrene The mass spectra of the products
are displayed as insets to the parts of the figure.
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tribenzo[b,j,l]fluoranthene (352a), benzo[e]naphtho[2,1-a]pyrene (352b), benzo[e]naphtho[2,3a]pyrene (352c), benzo[e]naphtho[2,3-e]pyrene (352d), and naphtho[8,1,2-abc]coronene (374a),
which are listed in Table B1 in Appendix B. From the chromatogram in Figure 4.23, it is apparent
that as PAH increase in ring number, it is more difficult to identify the unknown product peaks.
This is due to a multitude of factors including the following: higher-ring PAH are in much lower
concentration; reference standards are unavailable; and the number of isomers grow with ring
number, so it is difficult to completely resolve product peaks. The fraction contains many PAH
with molecular weight 352, which, as mentioned before, is a consequence of the structure of the
compound and the way the fractions are cut. Figure 4.24 shows the UV spectral match of the only
identified nine-ring PAH product, naphtho[8,1,2-bcd]coronene. All of the PAH within this

Average UV Absorbance (190 –590 nm)

fraction have been identified, by our group, for the first as pyrolysis of large 1-alkene.
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Figure 4.23. HPLC chromatogram of Fraction 13 containing nine-ring, C30H14 PAH and their
alkylated derivatives from the supercritical pyrolysis of 1-octene at 535 °C, 94.6 atm, and 133 sec.
The black structures represent unsubstituted PAH.
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Figure 4.24. Comparisons of the UV spectra of a 1-octene pyrolysis product (black lines) from
the chromatogram in Figure 4.19 to reference standards (red lines). The match shown is
naphtho[8,1,2-abc]coronene. The mass spectra of the product is displayed as an inset to the figure.
4.14. Concluding Remarks
Using the two-dimensional HPLC analytical technique explained in Section 2.3.2.3, we
were able to identify 180 three- to nine-ring PAH. Only two of the PAH, anthracene and
phenanthrene, have ever before been identified as pyrolysis products of a large (˃ C6) 1-alkene.54
The yields of these PAH products and the reaction pathways that lead to their formation will be
discussed in Chapter 6.
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Chapter 5. Effects of Temperature on the Yields of Aliphatic Products
5.1. Introduction
This chapter will present the effects of temperature on the aliphatic products produced from
the supercritical 1-octene pyrolysis experiments conducted at 94.6 atm and 133 sec and ten
temperatures: 440, 450, 460, 470, 475, 490, 500, 520, 530, and 535 °C. The lowest temperature
corresponds to the minimum temperature at which appreciable fuel conversion occurs. The highest
temperature corresponds to incipient solids formation; above that temperature, solids are produced
so abundantly that the reactor clogs and the experiment has to be aborted. In order to gain a better
understanding of how pyrolyzing a 1-alkene under supercritical conditions affects the yields of the
aliphatic products, the results from these experiments will be compared with those obtained from
supercritical n-decane pyrolysis experiments conducted by Kalpathy et. al.33,34. To facilitate this
comparison of the 1-octene pyrolysis results with those previously obtained by for n-decane at the
same pressure and residence time (and temperatures of 530-570 °C)33,34, new pyrolysis
experiments have also been conducted with n-decane at the four temperatures of 495, 500, 515,
and 520 °C.36 The quantified aliphatic products are presented as functions of temperature, and the
yields of the various product groups appear as follows: (1) unreacted fuel, (2) total aliphatic
products, summed by carbon number, (3) the major straight-chain and branched-chain aliphatic
products, and (4) the major cyclic aliphatic products, with a product group devoted to each section.
In all of the figures, the product yields are reported on a “%-fed-carbon” basis to allow for
comparison of the 1-octene pyrolysis results with those from n-decane.
Material used for this chapter originally appeared in E.A. Hurst, N.B. Poddar, K. Vutukur, S.V. Kalpathy, M.J. Wornat
Proceedings of the Combustion Institute 37 (2019), 1107-115. Reprinted with permission from journal Proceedings
of the Combustion Institute (2019).

58

5.2. Fuel Conversion
We first note, from Figure 5.1, that the bond-dissociation energy of 1-octene’s allylic C-C bond,
73.3 kcal/mole,35 is significantly lower than those of any of the other C-C or C-H bond not

98-105 kcal/mol

73.3 kcal/mol
83.4 kcal/mol

86.1-87.5 kcal/mol
n-decane

1-octene
Figure 5.1.
energies.35

Molecular structures of 1-octene and n-decane and relevant bond-dissociation

not only in 1-octene but also in n-decane. We therefore would expect the initiation of 1-octene
pyrolysis by Eq. (1) to occur at a fairly low temperature and that this low-temperature source of
radicals would enable 1-octene conversion to take place at pyrolysis temperatures lower than those
required for n-decane conversion.
+

(1)

Our expectation is borne out by Figure 5.2, which presents the yields, vs. temperature, of the
unreacted 1-octene (red diamonds) from the 1-octene pyrolysis experiments and the unreacted ndecane (black circles) from the n-decane pyrolysis experiments. As Figure 5.2 reveals, the yield
of unreacted 1-octene is 79.1% (corresponding to 20.9% fuel conversion) at 440 ºC and falls
sharply, with increasing temperature, to 7.6% (92.4% conversion) at 500 ºC. As portrayed by the
black circles in Figure 5.2, n-decane exhibits comparable levels of conversion—21.2% at 495 ºC
and 91.6% at 570 ºC—at temperatures that are 55-70 ºC higher. Another difference between the
two fuels is in what happens beyond 92% conversion.

In the case of 1-octene, pyrolysis

experiments can be conducted at temperatures up to 535 ºC (97.4% conversion), which is 35 ºC
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higher than 1-octene’s 92-%-conversion temperature, before solids production causes clogging of
the reactor. For n-decane, however, an experiment at 575 ºC, just 5 ºC higher than n-decane’s 92%-conversion temperature, results in solids clogging the reactor. Clearly the temperature itself,
and not just the level of fuel conversion, has a major role in dictating pyrolysis behavior and solids
production. To get a better understanding of how fuel structure, fuel conversion, and temperature
affect supercritical pyrolysis behavior, we now examine the major products of 1-octene pyrolysis,

% Fed C as C in unreacted fuel

the aliphatic products.

80
60
40
20
0

440 470 500 530 560 590
Temperature (°C)

Figure 5.2. Yields, as functions of temperature, of unreacted fuel from supercritical pyrolysis of
( ) 1-octene and ( ) n-decane at 94.6 atm and 133 sec. n-Decane data from 500-570 °C comes
from Kalpathy et. al.,32-34 and n-decane data from 495-520 °C comes from Vutukuru.36
5.3. Total Aliphatic Products, Summed by Carbon Number
Figure 5.3 presents the yields, versus pyrolysis temperature, of all of 1-octene’s aliphatic
products, major and minor, summed by carbon number. (The yields of unreacted 1-octene are not
included in the C8-product yields of Figure 5.3.) Figure 5.3 shows that for the entire range of
temperatures examined, 440-535 ºC, a significant portion of 1-octene’s aliphatic products are of
carbon number eight, the carbon number of the fuel itself, and that at low to moderate temperatures
(< 500 ºC), products of carbon number higher than that of the fuel—particularly those of carbon
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number 16—make up a very significant portion. These findings for 1-octene pyrolysis are in
contrast to the results for n-decane pyrolysis (albeit obtained at higher temperatures) in Figure 5.4,
in which products of carbon number greater than 10 make up only a minor portion of the products
and C2-C4 species are significant at all temperatures. In the 1-octene pyrolysis experiments, C3C4 species are produced at all temperatures, but C2-C4 species are not high-yield constituents until
temperatures > 500 ºC. To better understand the reactions in the 1-octene pyrolysis environment
that are responsible for the sustained abundance of C8 aliphatics at all temperatures, the production
of the higher-carbon-number aliphatic products at the low to moderate temperatures, and the
increased production of the low-carbon-number aliphatics at higher temperatures, we look to the
yield results for the straight-chain aliphatics, which, for any given carbon number, make up the
highest-yield individual aliphatic products of 1-octene pyrolysis.
5.4. The Major Straight- and Branched-Chain Aliphatic Products
Figure 5.5 presents the yields, as functions of temperature, of the major straight-chain
aliphatic products of 1-octene pyrolysis—each panel, from a to p, corresponding to a particular
carbon number from 1 to 16 (The analogous figure for n-decane can be found in Figure C1 in
Appendix C). The black circles in Figure 5.5 represent the yields of the product n-alkanes; the red
diamonds, the 1-alkenes; the blue triangles, the 2-alkenes; the green squares, the 3- and/or 4alkenes; and the purple symbols (only in Fig. 3p), the 5-, 6-, and 7-hexadecenes. Figure 3 does
not include 1-octene, as its yield is in Figure 5.5 (No yields for acetylene are reported in Figure
5.5 because no acetylene or any other triple-bonded species are produced in our experiments.) We
first focus on the highest-yield products at the lower temperatures.
+RH
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+RH
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Figure 5.3. Temperature-dependent yields, summed by carbon number, for the aliphatic products
of supercritical 1-octene pyrolysis at 94.6 atm and 133 sec. The C8 products’ yield does not include
the yield of the unreacted fuel 1-octene.
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Figure 5.4. Temperature-dependent yields, summed by carbon number, for the aliphatic products
of supercritical n-decane pyrolysis at 94.6 atm and 133 sec. The C10 products’ yield does not
include the yield of the unreacted fuel n-decane. n-Decane data from 500-570 °C comes from
Kalpathy et. al.,32-34 and n-decane data from 495-520 °C comes from Vutukuru.36
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The top row of Fig. 5.5 reveals that the highest-yield C1-C8 products of 1-octene pyrolysis
at the lower temperatures (< 500 ºC) are the C5 species n-pentane and the two C8 species 2-octene
and n-octane. n-Pentane results chiefly from abstraction of H by 1-pentyl, which forms, along
with the resonance-stabilized allyl radical, in Eq. (1), by scission of 1-octene’s easiest-to-break
bond, the allylic C-C bond. As shown in Figure 5.1, 1-octene’s second-easiest-to-break bond is
the allylic C-H bond (bond-dissociation energy, 83.4 kcal/mole)35. Abstraction of hydrogen at this
allylic carbon would form the resonance-stabilized allylic-type radical 1-octen-3-yl, whose
resonance structure 2-octen-1-yl, as shown in Eq. (2), would abstract H to form 2-octene, the
highest-yield C1-C8 product of 1-octene pyrolysis at temperatures < 500 ºC. The other major C8
product, n-octane, would result from H addition to 1-octene, followed by H abstraction, as
illustrated in Eq. (3).The bottom row of Figure 5.5 shows that n-alkanes and 1-alkenes are
produced for all carbon numbers 9-16 and are the highest-yield aliphatic products for carbon
numbers 9-15. For carbon number 16, however, the highest-yield product is a particular straightchain hexadecene, 6-hexadecene, whose cis and trans isomers have been summed in yield for the
purple squares in Fig. 3p. The derivatization method52 (previously explained in detail in Section
3.3) used to determine their identities also reveals small amounts of the cis and trans isomers of
the 5-, and 7- hexadecenes, whose summed yields are plotted as the purple diamonds in Figure
5.5p. The same method52 enables us to rule out the presence of the 4-, 3-, and 2-hexadecenes, and
a reference standard of 8-hexadecene reveals that that isomer is not present.
This unique finding for the C16 products—that the highest-yield product at low temperatures,
6-hexadecene, is an alkene whose double bond is well into the interior of the alkene structure—is,
we believe, a direct consequence of the fact that at the lowest temperatures, the 1-octene pyrolysis
environment is made up principally of 1-octene, 2-octene, and their resonance-stabilized pentylallylic radicals,
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Figure 5.5. Yields, as functions of temperature, of the major (a) C1, (b) C2, (c) C3, (d) C4, (e) C5, (f) C6, (g) C7, (h) C8, (i) C9, (j) C10, (k)
C11, (l) C12, (m) C13, (n) C14, (o) C15, (p) C16 straight-chain aliphatic products of supercritical 1-octene pyrolysis at 94.6 atm and 133
sec: ( ) n-alkanes; ( ) 1-alkenes; ( ) 2-alkenes; ( ) 3- and/or 4-alkenes; ( ) 6-hexadecene; ( ) 5- and 7-hexadecenes. 2-C11H22 and
2-C12H24 are tentative identifications.
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1-octen-3-yl and 2-octen-1-yl, whose structures are shown in Eq. (2). As shown in Eq. (4), reaction
of 2-octen-1-yl with 1-octene at 1-octene’s first carbon yields exclusively 6-hexadecen-10-yl
radical, which, after abstracting H, becomes 6-hexadecene. This reaction accounts for the high
selectivity for 6-hexadecene among the C16 straight-chain aliphatic products of 1-octene pyrolysis.
To our knowledge, this type of alkylallyl-radical addition to a 1-alkene, yielding a long-chain
alkene with an interior carbon-carbon double bond has not before been reported in the pyrolysis
literature. As we see, it provides an important means, in this high-pressure pyrolysis environment,
of creating aliphatic products of substantially higher carbon number than the fuel itself. Similarly,
as shown in Eq. (5), reaction of 2-octen-1-yl with 1-octene at 1-octene’s second carbon yields
exclusively 9-methyl-6-pentadecene, another long-chain C16H32alkene with an interior double
bond but with this one having a fifteen-carbon straight chain and a methyl side chain. Analyses
of the 1-octene-pyrolysis products reveal that indeed 9-methyl-6-pentadecene is the only branchedchain C16 alkene produced in significant amounts. The summed yields of its cis and trans isomers
appear, as a function of temperature, in Figure 5.6. (Other branched-chain aliphatic products (not
C16) produced in significant amounts are iso-butane and iso-butene whose yields are presented in
Figure C2 in Appendix C.)
As for the 5- and 7-hexadecenes in Figure 5.5p—6-hexadecene’s “neighbor” isomers, which
are observed in much smaller amounts—we expect that they are produced from 6-hexadecene in a
way very similar to how 2-octene, the neighbor isomer of 1-octene, was formed in Eq. (2).
Abstraction of the allylic H at 6-hexadecene’s “5” position, for example, would give 6-hexadecen5-yl, whose resonance structure, 5-hexadecen-7-yl would abstract H to form 5-hexadecene. 7hexadecene would result from an analogous sequence, with the initial hydrogen being abstracted
from 6-hexadecene at its other allylic position, the “8” position.
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The small amount of the fourth observed straight-chain isomer of hexadecene in Figure 5.5p,
1-hexadecene, probably results from reaction of 1-octen-8-yl with 1-octene at the “1” carbon,
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followed by abstraction of H by the resulting 1-hexadecen-10-yl radical, as shown in Eq. (6).
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Figure 5.6 Yields, as functions of temperature, of the major C16H32 alkene products of supercritical
1-octene pyrolysis at 94.6 atm and 133 sec: ( ) 1-hexadecene; ( ) 6-hexadecene; ( ) 5- and 7hexadecene; ( ) 9-methyl-6-pentadecene.
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We note, from Figure 5.5, that the low temperatures of 1-octene pyrolysis also bring about
moderate production of the C3 to C7 1-alkenes and that the yields of all of the C2-C5 alkenes rise
as temperature increases. A likely source of these 1-alkenes is the β-scission reactions of the 1octenyl radicals that result from abstraction of H at any of 1-octene’s carbons at positions 3 to 8.
Table 5.1 lists the complete set of these reactions. Of all the 1-octenyl radicals in Table 5.1, 1octen-5-yl is the only one whose β scission (Eq. (10)) results in a resonance-stabilized radical,
allyl, so this reaction would have a lower energy threshold for its occurrence. Since 1-pentene also
results from this favored β scission, Eq. (10) is likely responsible for 1-pentene being the highestyield C3-C7 1-alkene product of 1-octene pyrolysis at the lowest temperatures. It is also worth
noting that for the three 1-octenyl radicals in Table 5.1 whose β scission can produce either a diene
or an alkene, the diene is not observed as a product but the alkene is. However, for the two 1octenyl radicals that have no β–scission pathways to an alkene, the dienes, 1,3-butadiene and 1,4pentadiene, are observed as products. Their yields, along with those of the three other dienes
identified in the 1-octene pyrolysis products, appear in Figure 5.7
The reactions of Table 5.1 are sources of 1-alkenyl and 1-alkyl radicals which, upon addition
to 1-octene, are sources of the higher-carbon-number 1-alkenes and n-alkanes whose yields appear
in the bottom row of Figure 5.5. Of course all of the longer-chain alkanes and alkenes of Figure
5.5 are susceptible to H-abstraction/β-scission at higher temperatures, and the smaller-carbonnumber alkyl radicals and 1-alkenes resulting from these β scissions—and perhaps from allylic CC fission in the 1-alkenes58 as well—bring about the high yields of the C1-C5 n-alkanes and C2-C5
1-alkenes observed in Figure 5.5 for pyrolysis temperatures above 500 ºC.
Returning to Figure 5.3, we see that the main findings for the straight-chain aliphatic products
of 1-octene pyrolysis in Figure 5.5—the production of the C8 products 2-octene and n-octane,
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Table 5.1. β-scission reactions of 1-octenyl radicals.
Equation

+
1-octen-3-yl

1-octen-4-yl

1-butyl

1,3-butadiene

1,4-pentadiene

1,5-hexadiene

1-octen-5-yl
allyl

+

+

+

+
1,6-heptadiene

1-octen-6-yl
1-buten-4-yl

1,7-octadiene
1-octen-7-yl
1-penten-5-yl

1-octen-8-yl

1-hexen-6-yl
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Figure 5.7. Yields, as functions of temperature, of the straight-chain diene products of supercritical
1-octene pyrolysis at 94.6 atm and 133 sec.
in Eqs. (2) and (3), at all pyrolysis temperatures; the formation of C16 alkenes, as in Eq. (4), at low
to moderate temperatures; and the high production of C2-C5 n-alkanes and 1-alkenes, via Habstraction/β-scission reactions, at temperatures > 500 ºC—mirror the results, with respect to
carbon number and temperature, for 1-octene’s total-aliphatic-product yields in Figure 5.3.
Cycloaliphatic products, however—both those with C6 rings and those with C5 rings—also
contribute to the trends observed in Figure 5.3. The next section will present the yields of these
cycloaliphatic products versus temperature and discuss the plausible reaction mechanisms that lead
to their formation as well as their roles in aromatic formation.
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5.5. Cyclic Aliphatic Products
Figures 5.8a and 5.8b present the yields of cyclic aliphatic products with C6-rings and C5rings, respectively (The analogous figure for n-decane can be found in Figure C3 in Appendix C.).
As mentioned before, the cyclic aliphatic products contribute to trends observed in Figure 5.3. For
example, in Figure 5.8a, the four alkyl-substituted cyclohexanes whose alkyl substituents’ carbons
total to 10 contribute to the C16 aliphatic products in Figure 5.3. Just like the alkenyl radicals
produced from the H abstraction at the allyl carbon sites of 1-octene and 2-octene are vital in the
formation of the straight-chain and one branched-chain C16 aliphatic products, the production of
these radicals is also important, and the various ways they can be recombined provide the most
likely routes for the formation of these C10-substituted cyclohexanes.

For instance, the

recombination of 1-octenyl-3-yl and 2-octen-1-yl radicals followed by H abstraction would result
in o-dipentylcyclohexane, as illustrated in Eq. (16), or the recombination of the two 1-octenyl-3yl radicals, as shown in Eq. (17), (or two 2-octen-1-yl radicals) followed by H abstraction can
result in p-dipentylcyclohexane. Other recombinations of these octenyl radicals (including 2-octen4-yl)
+

+2RH

+2RH

+

+ 2R

(16)

+ 2R

(17)

would result in other C10-substituted where the degree of substitution on the cycloalkane unit can
be three or four. Because there is an abundance of these various octenyl radicals at lower
temperatures (≤ 500 °C), we would expect the yields these C10-substituted cyclohexanes to be
significant, and looking at Figure 5.8a, these compounds are some of the highest yield species,
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Figure 5.8. Yields, as functions of temperature, of major (a) C6-ring and (b) C5-ring cyclic aliphatic products of supercritical 1-octene
pyrolysis at 94.6 atm and 133 sec.
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with the exception of the cyclohexanes whose alkyl substituents total two carbons. These
dimethlylated and ethylated cyclohexanes contribute to the C8 aliphatic product yields in Figure
5.3.
As reported in the literature, cyclic aliphatics can be produced from cyclization reactions
of radicals of straight-chain alkenes58 and dienes59 as well as by reactions of allyl or methylallyl
radicals with C3-C4 alkenes or 1,3-butadiene .60 In the 1-octene pyrolysis environment, we believe
that both types of reactions take place. For example, cyclization of the 1-octen-6-yl radical in
which the radical at the “6” carbon attacks the double-bond carbon at the “1” position (Eq. (18))
would result in ethylcyclohexane, one of the highest-yield products in Figure 5.8a at all
temperatures. Analogous to Eq. (18), but instead the cycloalkane having a C6-ring, it has a C5ring, would be the cyclization of 1-hepten-5-yl radical in which the radical at the “5” carbon
attacks the double-bond carbon at the “1” position (Eq. (19)), which would result in
ethylcyclopentane whose yields are presented in Figure 5.8b. Cyclization of dienes can result in
+RH

+RH

+ R

(18)

+ R

(19)

cyclic aliphatic products that contain a double-bond within the ring. For instance, as illustrated
in Eqs. (20) and (21), the cyclization of 1,4-hexadien-6-yl (produced from the resonance
structure of 1,5-hexadien-4-yl) followed by either H abstraction or dehydrogenation would
produce cyclohexene or 1,3-cyclohexadiene/1,4-cyclohexadiene, respectively.60 Looking at
the yields of C6-ring cyclic aliphatics in Figure 5.8a, 1,4-cyclohexadiene is not detected among
the 1-octene pyrolysis products, but a small amount of 1,3-cycohexadiene is produced. At
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+ R

(20)

/

(21)

higher temperatures, when C2-C4 alkenes are more abundant in the 1-octene pyrolysis
environment, reactions of allyl and methylallyl with smaller alkenes60 can result in many of the
C5-ring products in Figure 5.8b. For example, the recombination of allyl with ethylene produces a
cyclopentyl radical, which can abstract H to form cyclopentane, illustrated in Eq. (22), or undergo
dehydrogenation to form cyclopentene, which can further undergo dehydrogenation to form
cyclopentadiene, which is shown in Eq. (23). 60 If the same sequence of steps in Eq.
(22) were followed but instead of allyl reacting with ethylene, it reacts with propene or
1-butene, then methylcyclopentane or ethylcyclopentane, respectively, would form. Reactions

+ R

(22)

+
-2H

(23)

of C6-ring aliphatics such as cyclohexane and methylcyclohexane can also contribute to
methylcyclopentane and ethylcyclopentane production.61

Once cyclohexane undergoes H

abstraction to form cyclohexyl, β scission of the radical leads to 1-hexen-6-yl, and the radical can attack
the double-bond carbon at the “2” position, followed by H abstraction, to form methylcyclopentane, as
shown by Eq. (24). 61 Ethylcyclopentane can be produced by the same route as Eq. (24), but
instead of starting with cyclohexane, the starting reactant would be methylcyclohexane. In the
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+RH

+ R

(24)

supercritical 1-octene pyrolysis context, the main importance of the cyclic aliphatic products in
Figure 5.8 is that they can serve as sources for one-ring aromatics—either through H-abstraction
reactions of C6-ring cycloaliphatics58,61 or by ring-expansion reactions60 of methylcyclopentadiene
and dimethylcyclopentadiene.

For example, in Eqs. (20) and (21), cyclohexene and

cyclohexadiene can undergo H abstraction to form benzene, and toluene can be formed by the
same route if the starting reactant is either a methylcyclohexene or methylcyclohexadiene. Eq.
(25) shows how to form benzene via ring expansion of 5-methylcyclopentadiene.
-H

H

H

-H

(25)

5.6. Concluding Remarks
Due to the low bond-dissociation energy of 1-octene’s allylic C-C bond and the ease with
which 1-octene forms radicals, 1-octene readily converts under supercritical pyrolysis conditions
(94.6 atm; 440-535 °C), producing straight-chain aliphatics—particularly n-alkanes, 1-alkenes,
and 2-alkenes—as its highest-yield products. At temperatures < 500 °C, the facile abstraction of
H at 1-octene’s allylic carbon proves to be especially significant, forming the resonance-stabilized
alkylallyllic radical 1-octen-3-yl, whose resonance structure 2-octen-1-yl abstracts H to form 2octene, 1-octene’s highest-yield product at temperatures < 500 °C. 2-octen-1-yl also reacts with
1-octene itself to produce, with high selectivity, the two C16 alkenes 6-hexadecene and 9-methyl6-pentadecene—establishing that, at low temperatures, long-chain alkenes, each having an interior
C-C double bond, can result from alkylallyl-radical addition to a 1-alkene. At higher temperatures,
H-abstraction/β-scission reactions of 1-octene’s aliphatic products become prevalent, producing
high yields of C1-C5 n-alkanes and C2-C5 1-alkenes at temperatures > 500 °C.
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Cyclic aliphatic products also make up a significant portion of 1-octene’s product
distribution. They are formed in a variety of ways such a cyclization of alkenyl or dienyl
radicals58,61 or reactions of allyl and methylallyl radicals with small 1-alkenes.60 The cyclic
aliphatic products serve as another source of one-ring aromatic production. In the next chapter,
the yields of aromatic products versus temperature of supercritical 1-octene pyrolysis will be
presented and their reaction mechanisms will be discussed.
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Chapter 6. Effects of Temperature on the Yields of Aromatic Products
6.1. Introduction
The names, molecular formulas, and structures of the 217 aromatic species that have been
identified and quantified, by the gas-chromatographic and high-pressure liquid chromatographic
(HPLC) analyses, as products of our supercritical 1-octene pyrolysis experiments appear in Table
B1 in Appendix B, and their individual product yields (two- to nine-ring PAH) can be found in
Table C1 of Appendix C. Of the 180 three- to nine-ring PAH in Table B1, only two, phenanthrene
and anthracene, have ever before been identified54 as pyrolysis products of a large (>C6) 1-alkene;
the other 178 are first-time identifications for such a fuel. We note that the aromatic products of
supercritical 1-octene pyrolysis in Table B1 are exactly the same species that we have identified
as products of the supercritical pyrolysis of n-decane,33,34 n-octane, and n-heptane—all fuels that,
like 1-octene, produce an abundance of C2-C4 1-alkenes. (For fuels, such as 1-methylnaphthalene,
that do not produce these alkenes in appreciable amounts, supercritical pyrolysis16 produces only
a small subset of the products in Table B1.) As evident from Table B1, the majority of the product
polycyclic aromatic hydrocarbons (PAH) from 1-octene (and the n-alkane fuels), in terms of both
number and mass, are unsubstituted and singly methylated—the latter providing an ample source
for resonance-stabilized arylmethyl radicals in the supercritical pyrolysis environment. Another
similarity between 1-octene and the n-alkanes is that even though the fuels differ from one to
another with regard to the amount that any given PAH is produced at a particular temperature,
particular highly-condensed benzenoid PAH, along with their methylated derivatives, dominate
the product distributions of the four- to nine-ring PAH.
Material used for this chapter originally appeared in E.A. Hurst, N.B. Poddar, K. Vutukur, S.V. Kalpathy, M.J. Wornat
Proceedings of the Combustion Institute 37 (2019), 1107-115. Reprinted with permission from journal Proceedings
of the Combustion Institute (2019).
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Having observed these qualitative similarities between the aromatic products of supercritical
1-octene and n-alkane pyrolysis, this chapter will present the aromatic-product yields for the 1octene experiments (at 94.6 atm, 133 sec, and ten temperatures from 440-535 °C) and n-decane
experiments32-34,36 (at 94.6 atm, 133 sec, and ten temperatures from 520-570 °C). First, the focus
will be on the one-ring aromatic products and their role in aromatic growth, and then, the yields of
two- to nine-PAH will be examined along with their primary routes of formation.
6.2. Effects of Temperature on the Yields of One-Ring Aromatic Products
Figure 6.1a and 6.1b presents the yields, as functions of temperature, of the one-ring
aromatic products for 1-octene and n-decane, respectively. Looking at the yields, it is apparent
that they all increase as temperature increases for both fuels. As mentioned in Section 5.5, the
cycloalkanes are sources for one-ring aromatics,58-61 but it is also plausible that the recombination
of allyl and methylallyl with 1-alkenes60 can lead to formation of some of the one-ring aromatics
in Figure 6.1. The main importance of the one-ring aromatics is that they act as a jumping off
point for aromatic growth by producing resonantly stabilized radicals. The benzylic C—H bond
for toluene is 88.5 kcal/mol,35 and the benzylic C—C bond for n-alkylbenzenes is 74.9-76.4
kcal/mol.35 Therefore, the facile scission of the benzylic C—H bond or C—C bonds leads to the
formation of the resonance-stabilized benzyl radical. The benzyl radical can then react with C2C4 1-alkenes, which are abundant at higher temperatures in the reaction environment, to form tworing aromatics.44 Among the two-ring aromatic products are 1-methylnaphthalene and 2methylnaphthalene, and from the previous work with n-decane to which these two-ring aromatics
were each added as a dopant revealed the primary routes for PAH growth,33 which will be
explained more in depth in the next section.
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Figure 6.1. Yields, as functions of temperature, of the major one-ring aromatic products of supercritical pyrolysis of (a) 1-octene and
(b) n-decane at 94.6 atm and 133 sec. n-Decane data from 500-570 °C comes from Kalpathy et. al.32-34, and n-decane data from 495520 °C comes from Vutukuru.36
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6.3. Effects of Temperature on the Yields of Polycyclic Aromatic Hydrocarbons (PAH)
Figure 6.2 presents, as function of temperature, the aromatic-product yields, summed by ring
number, for the supercritical 1-octene pyrolysis (red diamonds) and n-decane pyrolysis (black
circles) experiments at 94.6 atm and 133 sec: one-ring aromatics, in Figure 6.2a; two-ring
aromatics, in Figure 6.2b; 3-ring PAH, in Figure 6.2c; 4-ring PAH, in Figure 6.2d; and 5- to 9-ring
PAH, in Figure 6.2e. In accordance with 1-octene’s conversion taking place at lower temperatures
than n-decane’s in Figure 5.2, Figure 6.2 shows that the production of aromatic products of all ring
numbers takes place at lower temperatures for 1-octene than for n-decane, but for each ring
number, the two fuels’ yield-vs-temperature curves are very similar to each other with regard to
shape and slope. Both fuels’ data in Figure 6.2 exhibit common trends: that for any given
temperature, the aromatic-product yields are highest for the smallest ring numbers and decrease as
the number of rings increases; that the temperature at which a given ring number’s product yields
become appreciable increases with ring number; and that, as the ring number increases, the slopes
of the yield-vs-temperature plots increase. All of these observations are consistent with aromatic-
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ring growth occurring through a sequence of addition reactions.
5
4

1-ring
aromatics

a

2.5
2.0

3

1.5

2

1.0

1

0.5

0
440 470 500 530 560
Temperature (°C)

2-ring
aromatics

b

0.30

3-ring PAH

c

0.09

0.20

0.06

0.10

0.03

4-ring PAH

d

0.025
0.020

5- to 9-ring
PAH

e

0.015
0.010
0.005

0
440 470 500 530 560
Temperature (°C)

0
440 470 500 530 560
Temperature (°C)

0
440 470 500 530 560
Temperature (°C)

0
440 470 500 530 560
Temperature (°C)

Figure 6.2. Temperature-dependent yields, summed by ring number, for the aromatic products of
supercritical pyrolysis of ( ) 1-octene and ( ) n-decane at 94.6 atm and 133 sec: (a) 1-ring
aromatics, (b) 2-ring aromatics, (c) 3-ring PAH, (d) 4-ring PAH, (e) 5- to 9-ring PAH. n-Decane
data from 500-570 °C comes from Kalpathy et. al.32-34, and n-decane data from 495-520 °C comes
from Vutukuru.36
For n-decane, we have established—through a series of methyl-aromatic-dopant experiments
that exhibited a high degree of PAH-product selectivity33,34—that in supercritical-n-alkane80

pyrolysis environments, aromatic-ring growth occurs chiefly through a sequence of reactions
involving C2-C4 1-alkene additions to resonance-stabilized arylmethyl radicals and phenalenyltype radicals. Since we have found that under supercritical pyrolysis conditions, 1-octene produces
the same aromatic products as n-decane does and that at temperatures above 500 ºC, the
supercritical 1-octene pyrolysis environment contains not only an abundance of C2-C4 1-alkenes
but also an appreciable level of methylaromatics, which are sources for arylmethyl radicals—we
believe that the arylmethyl/phenalenyl/1-alkene mechanism determined for supercritical n-decane
pyrolysis also applies to supercritical 1-octene pyrolysis. We therefore examine, for the 1-octene
pyrolysis experiments, the yields of certain PAH determined33,34 to be key reactants and products
in the arylmethyl/phenalenyl/1-alkene mechanism, along with the principal arylmethyl/1-alkene
and phenalenyl/1-alkene reactions themselves.
Figure 6.3 presents the yields of sixteen PAH products that play key roles in the
arylmethyl/phenalenyl/1-alkene reaction mechanism33,34 for PAH growth. The products belong to
three groups: (1) favored, unsubstituted, fully-unsaturated benzenoid PAH—napththalene (128a),
phenanthrene (178b), pyrene (202c), benzo[e]pyrene (252g), benzo[ghi]perylene (276b),
dibenzo[e,ghi]perylene (326d), and benzo[pqr]naphtho[8,1,2-bcd]perylene (350a)—all of which
are unreactive at the temperatures of our experiments and thus serve as “end-point” PAH products;
(2) certain methylated derivatives of these benzenoid PAH—products 142a, 192c, 216j, 266b,
290j, and 364g—all of which serve as sources for resonance-stabilized arylmethyl radicals; and
(3) phenalenyl compounds—phenalene (166d), 7H-benz[de]anthracene (216b), and 6Hbenzo[cd]pyrene (240c)—whose facile loss of hydrogen at the methylene carbon (C-H bonddissociation energy, 74 kcal/mole35) makes them ready sources of resonance-stabilized phenalenyl
and phenalenyl-type radicals.
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Each product in Figure 6.3 is associated with four sets of bars. The two black bars at the right
end for each product are the yields from two identical n-decane pyrolysis experiments at its
temperature of incipient solids formation, 570 ºC, which corresponds to 91.6% n-decane
conversion.32 These black bars for n-decane experiments serve as a reference point in Figure 6.3
for the three sets of colored bars, which correspond to 1-octene experiments that span the range
over which most of the PAH growth occurs, up to incipient solids formation for 1-octene. For
each product in Figure 6.3, the two green bars correspond to duplicate 1-octene pyrolysis
experiments at 500 ºC (92.4% conversion); the two blue bars, duplicate 1-octene experiments at
520 ºC (95.6% conversion); the two red bars, duplicate 1-octene experiments at 535 ºC (97.4%
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Figure 6.3. Yields of key individual PAH products of supercritical pyrolysis at 94.6 atm and 133
sec. Experiments: ( ) 1-octene pyrolysis at 500 ºC, 92.4% conversion; ( ) 1-octene pyrolysis at
520 ºC, 95.6% conversion; ( ) 1-octene pyrolysis at 535 ºC, 97.4% conversion; ( ) n-decane
pyrolysis32 at 570 ºC, 91.6% conversion. All product names, structures, and number/letter codes
are listed in Table B1 in Appendix B.
We see from Figure 6.3 that as the 1-octene pyrolysis temperature is increased from 500 ºC
(green bars) to 520 ºC (blue bars) to 535 ºC (red bars), the yields of all the key product PAH
increase drastically. We note, from Figure 5.5, that it is over this same temperature range of 500535 ºC, that the yields of the C2-C4 1-alkenes exhibit large increases as well. To see the roles that
the PAH of Figure 6.3 play in the sequential reactions of aromatic-ring growth, we turn to Eqs.
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(1)-(9), the reactions elucidated by the supercritical n-decane pyrolysis experiments conducted
with and without the methylnaphthalene and methylphenanthrene dopants.33,34
Equations (1)-(3) show that 1-naphthylmethyl, the resonance-stabilized arylmethyl radical of
1-methylnaphthalene (142a), reacts with 1-butene to make 1-methylphenanthrene (192c), reacts
with propene to make phenanthrene (178b), and reacts with ethylene to make phenalene (166d).
Equations (4) and (5) show that phenalene’s resonance-stabilized radical phenalenyl reacts with
propene to make pyrene (202c) and reacts with 1-butene to make 1-methylpyrene (216j). These
reactions, Eqs. (1)-(5), account for the third through seventh products in Figure 6.3.
As shown in Eqs. (6) and (7) in more abbreviated form, 1-pyrenylmethyl, the arylmethyl
radical of 1-methylpyrene (the product of Eq. (5)), reacts with ethylene to make the phenalene
counterpart 6H-benzo[cd]pyrene (240c), whose resonance-stabilized phenalenyl-type radical
reacts with propene and 1-butene, respectively, to make the six-ring PAH benzo[ghi]perylene
(276b) and its methylated derivative, 5-methylbenzo[ghi]perylene (290j). The arylmethyl radical
of 5-methylbenzo[ghi]perylene then goes through a similar sequence in Eqs. (8) and (9) to produce
the

eight-ring

benzenoid

PAH

benzo[pqr]naphtho[8,1,2-bcd]perylene

(350a)

and

3-

methylbenzo[pqr]naphtho[8,1,2-bcd]perylene (364g). The remaining 5- and 7-ring PAH products
of

Figure

6.3—benzo[e]pyrene

(252g),

3-methylbenzo[e]pyrene

(266b),

and

dibenzo[e,ghi]perylene (326d)—stem from an analogous sequence33,34 of reactions, which starts
with 1-phenanthrylmethyl, the arylmethyl radical of 1-methylphenanthrene, produced from Eq.
(1), and involves the phenalenyl-type radical of 7H-benz[de]anthracene (216b).
We see then from the supercritical 1-octene pyrolysis experiments that when all of the
necessary ingredients are in place—high pressure, a fuel with an allylic C-C bond that permits fuel
conversion at low temperatures, C2-C4 1-alkenes that result from higher-temperature decomposition reactions
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of larger n-alkanes and 1-alkenes, and methylated PAH that serve as sources for resonancestabilized arylmethyl and phenalenyl-type radicals—that PAH as large as eight and nine fused
aromatic rings can be produced at temperatures as low as 500 ºC and that yields of these large
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PAH dramatically increase as temperature approaches 535 ºC, 1-octene’s temperature of incipient
solids formation.
6.4. Concluding Remarks
As temperature increases, especially ≥ 475 °C, the yields of the one- and two-ring aromatic
products of supercritical 1-octene pyrolysis increase rapidly. HPLC/UV analyses of the aromatic
products of supercritical 1-octene pyrolysis reveal the identities of 180 three- to nine-ring PAH
products—178 of which have never before been identified as pyrolysis products of a large 1alkene. The high levels of methyl-substituted PAH among these product PAH provide a ready
source of resonance-stabilized arylmethyl radicals and (after reaction with ethylene) phenalenyltype radicals, which react sequentially with the abundantly present C2-C4 1-alkenes to produce
PAH of higher and higher ring number. Consequently, supercritical 1-octene pyrolysis produces
PAH as large as eight and nine rings at temperatures as low as 500 °C, and yields of these large
PAH increase dramatically as temperature approaches 535 °C, 1-octene’s temperature of incipient
solids formation.
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Chapter 7. Conclusions and Recommendations
7.1. Summary
The purpose of this study is to gain more insight into the reaction pathways that govern
polycyclic aromatic hydrocarbon (PAH) formation and growth, which are formed, via pyrolytic
reactions, when the fuel is exposed to supercritical conditions in the pre-combustion environment
of future hypersonic aircraft. PAH are precursors to carbonaceous solid deposits that can clog fuel
transfer lines and reduce engine performance, hindering safe operation of the aircraft. In order to
prevent formation of these solid deposits that clog fuel lines, a detailed understanding of the routes
of PAH formation is needed to uncover which species are particularly problematic with regards to
PAH growth in the supercritical fuel pyrolysis reaction environment.
Jet fuels are complex mixtures composed of a multitude of various hydrocarbons, and nalkanes make up a significant portion of the jet fuel composition. Work by Edwards1 has shown
that n-alkanes have a proclivity towards forming solids, and work from our group with the model
fuel n-decane29-34 has ascertained this statement made by Edwards. It is also the case that n-decane
pyrolysis produces an abundance of 1-alkenes, many of which have a longer (˃ C6) chain. To gain
a better understanding of the mechanistic implications that these longer-chain 1-alknes have in
PAH formation and growth, supercritical pyrolysis experiments have been conducted with the
model fuel 1-octene, a representative product of n-alkane pyrolysis. The experiments have been
performed in an isothermal, isothermic silica-lined stainless steel tubular reactor at a fixed pressure
of 94.6 atm, a fixed residence time of 133 sec, and ten temperatures: 440, 450, 460, 470, 475, 490,
500, 520, 530, and 535 °C. The aliphatic products (including unreacted fuel), one-ring aromatics,
and two-ring aromatics are analyzed by gas chromatography (GC) with flame-ionization detection
(FID) coupled to mass spectrometry (MS). The PAH products are a highly complex mixture of
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unsubstituted and alkylated PAH. Therefore, a two-dimensional high-pressure-liquid
chromatographic (HPLC) technique is employed to separate the products, and the products are
subsequently characterized, with isomer specificity, by ultraviolet-visible (UV) diode-array
detection and MS. This HPLC analytical technique has allowed for the identification and
quantification of 180 three- to nine-ring PAH in which 178 of have never before been identified
as pyrolysis products of a large 1-alkene and all of which are produced in the supercritical n-decane
pyrolysis reaction environment also.33,34 In order to further understand how the double-bond in 1octene affects supercritical fuel pyrolysis behavior, the results from the 1-octene pyrolysis
experiments have been compared to those from n-decane previously obtained at the same pressure
and residence time and temperatures of 530-570 °C,32-34 but to better facilitate this comparison,
additional n-decane experiments have been conducted at four temperatures of 495, 500, 515, and
520 °C.36
Due to the very weak allylic C—C bond of 1-octene, 1-octene readily converts at low
temperatures. At 440 °C, 1-octene is already converted 20.9%, and as temperature increases to
535 °C (the temperature of incipient solids formation), the conversion of 1-octene increases
sharply to 97.4%. n-Decane exhibits a comparable level of conversion of 21.2% at 495 °C, a
temperature that is 55 °C lower and rapidly increases to 91.6% conversion at 570 °C (the
temperature of incipient solids formation). Therefore, fuel conversion alone is very telling into
how the structure of the fuel plays a role in the supercritical pyrolysis reaction environment.
The conversion of 1-octene corresponds to an abundance of aliphatic products, in which
the most abundant are the straight-chain aliphatic products, particularly n-alkanes, 1-alkenes, and
2-alkenes. At low temperatures (≤ 500 °C), n-pentane, n-octane, and 2-octene are produced in
significant amounts. n-Pentane primarily results from the hydrogen abstraction of 1-pentyl, which
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is formed (along with allyl) from the scission of the allylic C—C bond of 1-octene. The facile
abstraction of hydrogen at 1-octene’s allylic C—H bond, its second easiest to break bond, is
significant because it forms the resonance-stabilized alkylallylic-type radical, 1-octen-3-yl, whose
resonance structure, 2-octen-1-yl, abstracts hydrogen to form 2-octene. 2-Octene is the highestyield product at temperatures ≤ 500 °C.
Among the longer-chain (C9-C16) aliphatic products, supercritical 1-octene pyrolysis
produces various C16 aliphatic products (especially at lower temperatures), in which some have
the double-bond well into the interior of the alkene structure. The production of the C16 aliphatic
products are a direct consequence of the fact that at the lowest temperatures, the reaction
environment is primarily made up of 1-octene, 2-octene, and the resonantly stabilized pentyallylic
radicals, 1-octen-3-yl and 2-octen-1-yl. The reaction of 2-octen-1-yl with 1-octene’s first carbon
followed by hydrogen abstraction produces, with high selectivity, 6-hexadecene. Analogous to
the reaction mechanism for the formation of 6-hexadecene, the reaction of 2-octen-1-yl at 1octene’s second carbon followed by hydrogen abstraction exclusively yields a long-chain aliphatic
product with a methyl side chain, 9-methyl-6-pentadecene. This study, to our knowledge, is the
first to report this type of reaction where the addition of alkylallylic-type radical to a 1-octene,
forms a long-chain alkene with the double-bond well into to the interior of the alkene structure.
At higher temperatures (≥ 500 °C), the yields of C1-C5 n-alkanes and C2-C5 1-alkenes are
significant. Their source of production is thought to be from the hydrogen abstraction/β-scission
reactions of the aliphatic products in 1-octene’s pyrolysis reaction environment.
In addition to the straight-chain aliphatic products, 1-octene also produces cyclic aliphatic
products. Among the cyclic aliphatics products are four alkyl-substituted cyclohexanes whose
substituents total 10 carbons.

These products are believed to be produced from various
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recombination reactions of the pentylallylic radicals formed from hydrogen abstraction of the
allylic hydrogen of 1-octene and 2-octene. The other cyclic aliphatic products are most likely
produced from cyclization reactions of radicals of straight-chain alkenes and dienes in addition to
reactions of allyl or methylallyl radicals with smaller 1-alkenes or dienes. The importance of these
cycloalkanes is that they serve as sources for the production of one-ring aromatics.
The identified and quantified aromatic products contain a high level of methyl-substituted
aromatics.

From the n-decane pyrolysis experiments to which 1-methylnaphthalene, 2-

methylnaphthalene, and 1-methylphenanthrene were each added as a dopant,33,34 it was revealed
that methyl-substituted PAH are important because they provide a ready source of resonancestabilized arylmethyl and phenalenyl-type radicals whose reactions with the abundant C2-C4 1alkenes set forth a sequence of reactions that produce PAH of successively higher ring number.
At 500 °C, 1-octene pyrolysis already produces PAH as large as eight and nine rings, and these
yields exponentially increase as the temperature approaches 535 °C, the temperature of incipient
solids formation for 1-octene. In fact, the PAH yields of 1-octene pyrolysis at 535 °C greatly
exceed the PAH yields of n-decane at 570 °C, a temperature that is 35 °C lower than 1-octene’s
temperature.
In summary, 1-octene greatly enhances PAH formation and growth due to its facile
decomposition of the bonds at its allylic carbon. In the supercritical fuel pyrolysis reaction
environment, alkenes and their reactions with resonance stabilized allylic-type, arylmethyl, and
phenalenyl-type radicals prove to be the most significant.
4.2. Recommendations for Future Work
This work has demonstrated the capabilities of our fuel pyrolysis reactor system to produce
reliable data and has highlighted the power of our analytical techniques to uncover the reaction
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mechanisms for PAH formation and growth. In addition to n-alkanes, iso-alkanes are also major
fuel components found in jet fuel mixtures.22,23 Therefore, performing supercritical pyrolysis
experiments with iso-octane, a chosen representative of iso-paraffin jet fuel components, may
prove fruitful by assisting in gaining an understanding on what effects alkane branching have on
PAH formation and growth. Investigating the efficacy at which particular jet fuel components
produce PAH will expand our knowledge of what is taking place in the supercritical fuel pyrolysis
system and bring us closer to solving the problem of fuel-line solids formation that occurs in the
pre-combustion environment of future high-speed aircraft when jet fuels are exposed to
supercritical conditions.
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Appendix A. Supporting Information for Chapter 2
Table A1. GC retention times and response factors for C1-C6 hydrocarbons.
Compound
methane
ethane
ethylene
propane
propene
iso-butane
n-butane
1-butene
1,3-butadiene
trans-2-butene
iso-butene
cis-2-butene
benzene
toluene*

Retention Time
(min)
1.15
1.71
2.18
4.36
7.69
9.18
9.96
13.67
14.65
14.84
15.06
15.43
27.32
33.38

GC Response Factor
(ppm/area)
3.895
2.083
2.113
1.389
1.409
1.095
1.071
1.086
1.007
1.094
1.079
1.063
0.890
0.715

*Note that a reference standard for toluene was unavailable, so its response factor was calculated
by multiplying by a correction factor that takes into account the extra mass of the methyl group.
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Table A2. GC retention times and responses factor for the Agilent model 6890 GC/FID.
Compound

Retention Time (min)

GC Response Factor
((mg/ml)/area)

1-pentene*

2.98

2.417E-07

1-octene

7.90

7.128E-09

n-heptane

5.23

7.886E-09

n-octane

8.05

7.128E-09

n-nonane

11.71

6.803E-09

n-decane

15.61

6.481E-09

toluene

7.77

6.061E-09

ethylbenzene

10.27

5.952E-09

m-xylene

10.57

6.061E-09

o-xylene

11.46

6.050E-09

Indene*

12.69

6.743E-09

Naphthalene*

17.79

6.211E-09

1-methylnaphthalene*

21.55

6.361E-09

2-methylnaphthalene*

22.12

6.266E-09

*Note that the response factors of 1-pentene, indene, naphthalene, 1-methylnaphthalene, and 2methylnaphtlane were calculated using their respective methods on the GC.
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Table A3. GC retention times and responses factor for the Agilent model 7890B GC/FID.
Compound

Retention Time (min)

GC Response Factor
((mg/ml)/area)

1-pentene*

2.98

2.284E-07

1-octene

7.90

8.440E-09

n-heptane

5.36

8.470E-09

n-octane

8.18

7.670E-09

n-nonane

11.83

7.460E-09

n-decane

15.74

7.520E-09

toluene

7.17

7.140E-09

ethylbenzene

10.40

7.110E-09

m-xylene

10.69

6.840E-09

o-xylene

11.59

7.130E-09

Indene*

12.84

8.980E-09

Naphthalene*

17.79

7.300E-09

1-methylnaphthalene*

21.55

7.700E-09

2-methylnaphthalene*

22.12

7.440E-09

*Note that the response factors of 1-pentene, indene, naphthalene, 1-methylnaphthalene, and 2methylnaphtlane were calculated using their respective methods on the GC.
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Table A4. Surrogate compounds for GC calibration.
Compound

GC Response Factor Used

propane

1-pentene

propene

1-pentene

n-butane

1-pentene

1- and 2-butenes

1-pentene

iso-butane

1-pentene

n-pentane

1-pentene

2-pentene

1-pentene

1,3-pentadiene

1-pentene

1,4-pentadiene

1-pentene

1,3-hexadiene

1-pentene

1,5-hexadiene

1-pentene

cyclopentane

1-pentene

cyclopentene

1-pentene

cyclopentadiene

1-pentene

methylcylcopentane

1-pentene

3-methylcyclopentene

1-pentene

n-hexane

n-heptane

1-, 2-, and 3-hexenes

n-heptane

1-, 2-, and 3-heptenes

n-heptane

1-methylcyclopentene

n-heptane

1-methylcyclopentadiene

n-heptane

2-methylcyclopentadiene

n-heptane

5-methylcyclopentadiene

n-heptane

ethylcyclopentane

n-heptane

3-ethylcyclopentene

n-heptane

cyclohexane

n-heptane

cyclohexene

n-heptane

1,3-cyclohexadiene

n-heptane

(table cont’d)
94

Compound

GC Response Factor Used

methylcyclohexane

n-heptane

1-methylcyclohexene

n-heptane

3-methylcyclohexene

n-heptane

4-methylcylohexene

n-heptane

2-, 3-, and 4-octenes

1-octene

1,2-dimethylcyclohexane

n-octane

1,3-dimethylcyclohexane

n-octane

1,4-dimethylcyclohexane

n-octane

ethylcyclohexane

n-octane

4-ethylcyclohexene

n-octane

1-, 2-, 3-, and 4-nonenes

n-nonane

1- and 2-decene

n-decane

n-undecane

n-decane

1- and 2-undecene

n-decane

n-dodecane

n-decane

1- and 2-dodecene

n-decane

n-tridecane

n-decane

1-tridecene

n-decane

n-tetradecane

n-decane

1-tetradecene

n-decane

n-pentadecane

n-decane

1-pentadecene

n-decane

n-hexadecane

n-decane

1-, 5-, 6-, and 7-hexadecenes

n-decane

C10 cyclohexanes

n-decane

p-xylene

m-xylene

1,2,3-trimethylbenzene

toluene

1,2,4-trimethylbenzene

toluene

(table cont’d)
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Compound

GC Response Factor Used

1,3,5-trimethylbenzene

toluene

Ethylmethylbenzene

toluene

1-, 2-, and 3-methylindenes

indene

ethylnaphthalenes and
dimethylnaphthalenes

naphthalene
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Table A5. HPLC elution times and response factors for polycyclic aromatic hydrocarbons.
Compound

Retention Time
(min)

HPLC Response
Factor
((mg/ml)/area)

naphthalene
acenaphthylene

24.9
28

1.787E-04
1.697E-04

acenaphthene

32.2

1.670E-04

fluorene

33.2

1.845E-04

phenanthrene

36

1.449E-04

anthracene

38.6

1.548E-04

fluoranthene

41.7

1.343E-04

pyrene

43.8

1.274E-04

benz(a)anthracene

50.7

1.166E-04

chrysene

52.1

1.209E-04

benzo(b)fluoranthene

57.8

1.129E-04

benzo(k)fluoranthene

60.1

1.046E-04

benzo(a)pyrene

62.5

1.938E-04

dibenz(a,h)anthracene

65.7

1.107E-04

benzo(ghi)perylene

68.6

1.340E-04

indeno(1,2,3-cd)pyrene

69.7

1.080E-04
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Table A6. Surrogate compounds for HPLC calibration.
Compound

LC Response Factor Used

phenalene

fluorene

benz[e]indene

fluorene

benz[f]indene

fluorene

dibenzofulvene

fluorene

cyclopenta[def]phenanthrene

phenanthrene

co-eluting products 2-methylfluoranthene,
benzo[a]fluorene, and benzo[b]fluorene

fluoranthene

benzo[c]fluorene

fluoranthene

7H-benz[de]anthracene

pyrene

3,4-dihydrocyclopenta[cd]pyrene

pyrene

triphenylene

chrysene

Benzo[ghi]fluoranthene

fluoranthene

6H-benzo[cd]pyrene

pyrene

benzo[e]pyrene

benzo[a]pyrene

benzo[j]fluoranthene

benzo[k]fluoranthene

benzo[a]fluoranthene

benzo[b]fluoranthene

perylene

benzo[ghi]perylene

naphtho[1,2-a]fluorene

benzo[k]fluoranthene

naphtho[2,3-a]fluorene

benzo[k]fluoranthene

naphtho[2,1-a]fluorene

benzo[k]fluoranthene

dibenzo[a,h]fluorene

benzo[k]fluoranthene

dibenzo[a,c]fluorene

benzo[k]fluoranthene

anthanthrene

benzo[ghi]perylene

dibenz[a,c]anthracene

dibenz[a,h]anthracene

dibenz[a,j]anthracene

dibenz[a,h]anthracene

pentaphene

dibenz[a,h]anthracene

benzo[b]chrysene

dibenz[a,h]anthracene

benzo[g]chrysene

dibenz[a,h]anthracene

picene

dibenz[a,h]anthracene

(table cont’d)
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Compound

LC Response Factor Used

benzo[a]napthacene

dibenz[a,h]anthracene

coronene

Benzo[ghi]perylene

dibenzo[b,j]fluoranthene

benzo[k]fluoranthene

dibenzo[j,l]fluoranthene

benzo[k]fluoranthene

naphtho[1,2-b]fluoranthene

benzo[k]fluoranthene

naphtho[2,3-b]fluoranthene

benzo[k]fluoranthene

naphtho[2,3-e]pyrene

benzo[a]pyrene

dibenzo[a,e]pyrene

benzo[a]pyrene

co-eluting benzo[b]perylene and
dibenzo[e,l]pyrene

benzo[a]pyrene

naphtho[2,1-a]pyrene

benzo[a]pyrene

naphtho[2,3-a]pyrene

benzo[a]pyrene

dibenzo[a,i]pyrene

benzo[a]pyrene

dibenzo[a,l]pyrene

benzo[a]pyrene

naphtho[1,2-e]pyrene

benzo[a]pyrene

fluoreno[1,9-ab]pyrene

indeno[1,2,3-cd]pyrene

benz[a]indeno[1,2,3-jk]pyrene

indeno[1,2,3-cd]pyrene

benz[a]indeno[1,2,3-cd]pyrene

indeno[1,2,3-cd]pyrene

dibenzo[e,ghi]perylene

benzo[ghi]perylene

indeno[1,2,3-cd]perylene

indeno[1,2,3-cd]pyrene

dibenzo[b,ghi]perylene

benzo[ghi]perylene

naphtho[1,2,3,4-ghi]perylene

benzo[ghi]perylene

naphtho[8,1,2-bcd]perylene

benzo[ghi]perylene

dibenzo[cd,lm]perylene

benzo[ghi]perylene

tribenz[a,c,h]anthracene

dibenz[a,h]anthracene

benzo[c]pentaphene

dibenz[a,h]anthracene

benzo[h]pentaphene

dibenz[a,h]anthracene

benzo[pqr]naphtho[8,1,2-bcd]perylene

benzo[ghi]perylene

benzo[ghi]naphtho[8,1,2-bcd]perylene

benzo[ghi]perylene

(table cont’d)
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Compound

LC Response Factor Used

co-eluting phenanthro[5,4,3,2efghi]perylene and
benzo[cd]naphtho[3,2,1,8-pqra]perylene

benzo[ghi]perylene

benzo[a]coronene

benzo[ghi]perylene

tribenzo[b,j,l]fluoranthene

benzo[b]fluoranthene

benzo[e]naphtho[2,3-a]pyrene

benzo[a]pyrene

benzo[e]naphtho[2,1-a]pyrene

benzo[a]pyrene

naphtho[8,1,2-abc]coronene

benzo[ghi]perylene

benzo[cd]naphtho[1,2,3-lm]perylene

benzo[ghi]perylene
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Appendix B. Supporting Information for Chapter 4 and Chapter 6
Table B1. Identified and quantified aromatic products of supercritical 1-octene pyrolysis.
Product Name
Formula
Structure
Code
Benzene

C6H6

78a

Toluene

C7H8

92a

Styrene

C8H8

104a

Ethylbenzene

C8H10

106a

o-Xylene

C8H10

106b

m-Xylene

C8H10

106c

p-Xylene

C8H10

106d

Indene

C9H8

116a

n-Propylbenzene

C9H12

120a

1,2,3-Trimethylbenzene

C9H12

120b

1,2,4-Trimethylbenzene

C9H12

120c

1,3,5-Trimethylbenzene

C9H12

120d

Ethylmethylbenzene

C9H12

C2
C2

120e

Ethylmethylbenzene

C9H12

Naphthalene

C10H8

128a

1-Methylindene

C10H10

130a

2-Methylindene

C10H10

130b

(table cont’d)
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120f

Product Name

Formula

3-Methylindene

C10H10

130c

n-Butylbenzene

C10H14

134a

C4-alkylbenzenes

C10H14

1-Methylnaphthalene

C11H10

142a

2-Methylnaphthalene

C11H10

142b

n-Pentylbenzene

C11H16

148a

Acenaphthylene

C12H8

152a

2-Vinylnaphthalene

C12H10

154a

Acenaphthene

C12H10

154b

2-Ethylnaphthalene

C12H12

156a

1-Ethylnaphthalene

C12H12

156b

2,6-Dimethylnaphthalene

C12H12

156c

2,7-Dimethylnaphthalene

C12H12

156d

1,3-Dimethylnaphthalene

C12H12

156e

1,7-Dimethylnaphthalene

C12H12

156f

1,6-Dimethylnaphthalene

C12H12

156g

2,3-Dimethylnaphthalene

C12H12

156h

1,4-Dimethylnaphthalene

C12H12

156i

1,5-Dimethylnaphthalene

C12H12

156j

(table cont’d)
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Structure

C4

Code

134b-c

Product Name

Formula

1,2-Dimethylnaphthalene

C12H12

156k

1,8-Dimethylnaphthalene

C12H12

156l

1-Methylacenaphthylene

C13H10

166a

Benz[f]indene

C13H10

166b

Benz[e]indene

C13H10

166c

Phenalene

C13H10

166d

Fluorene

C13H10

166e

Dibenzofulvene

C14H10

178a

Phenanthrene

C14H10

178b

Anthracene

C14H10

178c

9-Methylfluorene

C14H12

180a

1-Methylfluorene

C14H12

180b

2-Methylfluorene

C14H12

180c

3-Methylfluorene

C14H12

180d

4-Methylfluorene

C14H12

180e

4H-Cyclopenta[def]phenanthrene

C15H10

190a

9-Ethylidenefluorene

C15H12

192a

9-Methylphenanthrene

C15H12

192b

1-Methylphenanthrene

C15H12

192c

2-Methylphenanthrene

C15H12

192d

(table cont’d)
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Structure

Code

Product Name

Formula

3-Methylphenanthrene

C15H12

192e

4-Methylphenanthrene

C15H12

192f

9-Methylanthracene

C15H12

192g

1-Methylanthracene

C15H12

192h

2-Methylanthracene

C15H12

192i

9-Ethylfluorene

C15H14

194a

Fluoranthene

C16H10

202a

Acephenanthrylene

C16H10

202b

Pyrene

C16H10

202c

Acephenanthrene

C16H12

204a

9-Ethylphenanthrene

C16H14

206a

7H-Benz[de]anthracene

C17H12

216b

3-Methylfluoranthene

C17H12

216a

1-Methylfluoranthene

C17H12

216c

7-Methylfluoranthene

C17H12

216d

(table cont’d)
104

Structure

Code

Product Name

Formula

8-Methylfluoranthene

C17H12

216e

2-Methylfluoranthene

C17H12

216f

Benzo[a]fluorene

C17H12

216g

Benzo[b]fluorene

C17H12

216h

Benzo[c]fluorene

C17H12

216i

1-Methylpyrene

C17H12

216j

2-Methylpyrene

C17H12

216k

4-Methylpyrene

C17H12

216l

Benzo[ghi]fluoranthene

C18H10

226a

Cyclopenta[cd]pyrene

C18H10

226b

Benz[a]anthracene

C18H12

228a

Chrysene

C18H12

228b

Triphenylene

C18H12

228c

2-Vinylpyrene

C18H12

228d

(table cont’d)
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Structure

Code

Product Name

Formula

Structure

Code

3,4-Dihydrocyclopenta[cd]pyrene

C18H12

228e

Methylbenzo[c]fluorene

C18H14

230a

1-Ethylpyrene

C18H14

230b

4H-Benzo[cd]fluoranthenea

C19H12

240a

4-Methylcyclopenta[cd]pyrene

C19H12

240b

6H-Benzo[cd]pyrene

C19H12

240c

1-Methylchrysene

C19H14

242a

3-Methylchrysene

C19H14

242d

5-Methylchrysene

C19H14

242e

6-Methylchrysene

C19H14

242f

1-Methyltriphenylene

C19H14

242b

2-Methyltriphenylene

C19H14

242c

Benzo[a]fluoranthene

C20H12

252a

Benzo[b]fluoranthene

C20H12

252b

(table cont’d)
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Product Name

Formula

Benzo[k]fluoranthene

C20H12

252c

Benzo[j]fluoranthene

C20H12

252d

Benzo[a]pyrene

C20H12

252e

Benzo[e]pyrene

C20H12

252g

Perylene

C20H12

252f

4-Methyl-4H-benzo[cd]fluoranthenea

C20H14

254a

Methylbenzo[a]fluoranthene

C21H14

266c

Methylbenzo[j]fluoranthene

C21H14

266aa

Dibenzo[a,c]fluorene

C21H14

266a

Dibenzo[a,h]fluorene

C21H14

266d

Naphtho[1,2-a]fluorene

C21H14

266e

Naphtho[2,1-a]fluorene

C21H14

266f

Naphtho[2,3-a]fluorene

C21H14

266g

(table cont’d)
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Structure

Code

Product Name

Formula

7-Methylbenzo[a]pyrene

C21H14

266h

9-Methylbenzo[a]pyrene

C21H14

266i

8-Methylbenzo[a]pyrene

C21H14

266j

2-Methylbenzo[a]pyrene

C21H14

266k

12-Methylbenzo[a]pyrene

C21H14

266l

5-Methylbenzo[a]pyrene

C21H14

266m

11-Methylbenzo[a]pyrene

C21H14

266n

10-Methylbenzo[a]pyrene

C21H14

266o

6-Methylbenzo[a]pyrene

C21H14

266p

1-Methylbenzo[a]pyrene

C21H14

266q

4-Methylbenzo[a]pyrene

C21H14

266r

3-Methylbenzo[a]pyrene

C21H14

266s

3-Methylbenzo[e]pyrene

C21H14

266b

4-Methylbenzo[e]pyrene

C21H14

266t

(table cont’d)
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Structure

Code

Product Name

Formula

2-Methylbenzo[e]pyrene

C21H14

266u

10-Methylbenzo[e]pyrene

C21H14

266v

1-Methylbenzo[e]pyrene

C21H14

266w

9-Methylbenzo[e]pyrene

C21H14

266x

2-Methylperylene

C21H14

266y

3-Methylperylene

C21H14

266z

Indeno[1,2,3-cd]pyrene

C22H12

276a

Benzo[ghi]perylene

C22H12

276b

Anthanthrene

C22H12

276c

Benzo[b]chrysene

C22H14

278a

Dibenz[a,h]anthracene

C22H14

278b

Dibenz[a,j]anthracene

C22H14

278c

Benzo[a]naphthacene

C22H14

278d

Pentaphene

C22H14

278e

(table cont’d)
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Structure

Code

Product Name

Formula

Picene

C22H14

278f

Benzo[g]chrysene

C22H14

278g

Dibenz[a,c]anthracene

C22H14

278h

Methyldibenzo[a,c]fluorene

C22H16

280a

Methylindeno[1,2,3-cd]pyrenes

C23H14

290a–g

7-Methylbenzo[ghi]perylene

C23H14

290h

6-Methylbenzo[ghi]perylene

C23H14

290i

5-Methylbenzo[ghi]perylene

C23H14

290j

3-Methylbenzo[ghi]perylene

C23H14

290k

1-Methylbenzo[ghi]perylene

C23H14

290l

4-Methylbenzo[ghi]perylene

C23H14

290m

7H-indeno[1,2-a]pyrene

C23H14

290n

Methylbenzo[g]chrysene

C23H16

292a

(table cont’d)
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Structure

Code

Product Name

Formula

Methyldibenz[a,c]anthracenes

C23H16

292b–d

Coronene

C24H12

300a

Naphtho[2,3-b]fluoranthene

C24H14

302a

Naphtho[1,2-b]fluoranthene

C24H14

302b

Dibenzo[j,l]fluoranthene

C24H14

302c

Dibenzo[a,e]pyrene

C24H14

302d

Benzo[b]perylene

C24H14

302e

Dibenzo[e,l]pyrene

C24H14

302f

Dibenzo[a,l]pyrene

C24H14

302g

Naphtho[2,1-a]pyrene

C24H14

302h

Naphtho[2,3-a]pyrene

C24H14

302i

Naphtho[2,3-e]pyrene

C24H14

302j

Naphtho[1,2-e]pyrene

C24H14

302k

(table cont’d)
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Structure

Code

Product Name

Formula

Dibenzo[a,i]pyrene

C24H14

302l

Dibenzo[b,j]fluoranthene

C24H14

302m

1-Methylcoronene

C25H14

314a

Tribenzo[a,c,h]fluorene

C25H16

316a

Fluoreno[1,9-ab]pyrene

C26H14

326a

Benz[a]indeno[1,2,3-jk]pyrene

C26H14

326b

Benz[a]indeno[1,2,3-cd]pyrene

C26H14

326c

Dibenzo[e,ghi]perylene

C26H14

326d

Indeno[1,2,3-cd]perylene

C26H14

326e

Dibenzo[b,ghi]perylene

C26H14

326f

Naphtho[1,2,3,4-ghi]perylene

C26H14

326g

Naphtho[8,1,2-bcd]perylene

C26H14

326h

(table cont’d)
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Structure

Code

Product Name

Formula

Dibenzo[cd,lm]perylene

C26H14

326i

Benz[l]indeno[1,2,3-cd]pyrene

C26H14

326j

Benz[5,6]indeno[1,2,3-cd]pyrene

C26H14

326k

Tribenz[a,c,h]anthracene

C26H16

328a

Benzo[c]pentaphene

C26H16

328b

Benzo[h]pentaphene

C26H16

328c

Benzo[pqr]naphtho[8,1,2-bcd]perylene

C28H14

350a

Benzo[ghi]naphtho[8,1,2-bcd]perylene

C28H14

350b

Benzo[cd]naphtho[3,2,1,8-pqra]perylene

C28H14

350c

Phenanthro[5,4,3,2-efghi]perylene

C28H14

350d

Benzo[a]coronene

C28H14

350e

Tribenzo[b,j,l]fluoranthene

C28H16

352a

(table cont’d)
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Structure

Code

Product Name

Formula

Benzo[e]naphtho[2,1-a]pyrene

C28H16

352b

Benzo[e]naphtho[2,3-a]pyrene

C28H16

352c

Benzo[a]naphtho[2,3-e]pyrene

C28H16

352d

6-Methylbenzo[pqr]naphtho[8,1,2-bcd]perylene

C29H16

364a

5-Methylbenzo[pqr]naphtho[8,1,2-bcd]perylene

C29H16

364b

4-Methylbenzo[pqr]naphtho[8,1,2-bcd]perylene

C29H16

364c

1-Methylbenzo[pqr]naphtho[8,1,2-bcd]perylene

C29H16

364d

7-Methylbenzo[pqr]naphtho[8,1,2-bcd]perylene

C29H16

364e

2-Methylbenzo[pqr]naphtho[8,1,2-bcd]perylene

C29H16

364f

3-Methylbenzo[pqr]naphtho[8,1,2-bcd]perylene

C29H16

364g

(table cont’d)
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Structure

Code

Product Name

Formula

1-Methylphenanthro[5,4,3,2-efghi]perylene

C29H16

364h

2-Methylphenanthro[5,4,3,2-efghi]perylene

C29H16

364i

3-Methylphenanthro[5,4,3,2-efghi]perylene

C29H16

364j

4-Methylphenanthro[5,4,3,2-efghi]perylene

C29H16

364k

5-Methylphenanthro[5,4,3,2-efghi]perylene

C29H16

364l

6-Methylphenanthro[5,4,3,2-efghi]perylene

C29H16

364m

7-Methylphenanthro[5,4,3,2-efghi]perylene

C29H16

364n

14-Methylphenanthro[5,4,3,2-efghi]perylene

C29H16

364o

Naphtho[8,1,2-abc]coronene

C30H14

374a

Benzo[cd]naphtho[1,2,3-lm]perylene

C30H16

376a

a

Structure

Code

The identifications of 4H-Benzo[cd]fluoranthene (240a) and 4-Methyl-4H-benzo[cd]fluoranthene (254a) are tentative.
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Figure C1. Yields, as functions of temperature, of the major (a) C1, (b) C2, (c) C3, (d) C4, (e) C5, (f) C6, (g) C7, (h) C8, (i) C9, (j) C10, (k)
C11, (l) C12, (m) C13, (n) C14, (o) C15, (p) C16 straight-chain aliphatic products of supercritical n-decane pyrolysis at 94.6 atm and 133
sec: ( ) n-alkanes; ( ) 1-alkenes; ( ) 2-alkenes; ( ) 3- and/or 4-alkenes. 2-C11H22 and 2-C12H24 are tentative identifications. n-Decane
data from 500-570 °C comes from Kalpathy et. al.32-34, and n-decane data from 495-520 °C comes from Vutukuru.36
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Figure C2. Yields, as functions of temperature, of (a) iso-butane and (b) iso-butene from the
supercritical pyrolysis of 1-octene at 94.6 atm and 133 sec.

117

0.7

0.7

a

b

n-decane experiments

n-decane experiments
0.6

% Fed C as C in given products

0.6

0.5

0.5

+

0.4

0.4

+

0.3

0.3

0.2

0.2

0.1

0.1

0
495

510

525

540

Temperature (°C)

(yield divided by 2)

555

570

0

495

510

525

540

Temperature (°C)

555

570

Figure C3. Yields, as functions of temperature, of major (a) C6-ring and (b) C5-ring cyclic aliphatic products of supercritical n-decane
pyrolysis at 94.6 atm and 133 sec. . n-Decane data from 500-570 °C comes from Kalpathy et. al.32-34, and n-decane data from 495-520
°C comes from Vutukuru.36
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Figure D1. Yields, as functions of temperature, of two-ring aromatic products from supercritical
1-octene pyrolysis experiments conducted at 94.6 atm and 133 sec.
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Figure D2. Yields, as functions of temperature, of phenalene benzologues from supercritical 1octene pyrolysis experiments conducted at 94.6 atm and 133 sec.
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Figure D3. Yields, as functions of temperature, of cyclopenta-fused PAH from supercritical 1octene pyrolysis experiments conducted at 94.6 atm and 133 sec.
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Figure D4. Yields, as functions of temperature, of indene and fluorene benzologues from
supercritical 1-octene pyrolysis experiments conducted at 94.6 atm and 133 sec.

122

% Fed C as C in given products % Fed C as C in given products

4.5E-03
fluoranthene

3.6E-03

3.0E-03

1.8E-03

2.0E-03

9.0E-04

1.0E-03
0.0E+00

440 460 480 500 520

3.2E-04

benzo[j]fluoranthene

+

4.0E-03

2.7E-03

0.0E+00

% Fed C as C in given products

5.0E-03

+

6.0E-05

+

4.0E-05
2.0E-05

440 460 480 500 520

1.2E-04

benzo[a]fluoranthene

0.0E+00

440 460 480 500 520

1.5E-04

benzo[k]fluoranthene
1.2E-04

9.0E-05

2.4E-04

benzo[ghi]fluoranthene

8.0E-05

9.0E-05
6.0E-05

1.6E-04

6.0E-05
3.0E-05

8.0E-05
0.0E+00
4.0E-04

440 460 480 500 520

benzo[b]fluoranthene

3.0E-04

3.0E-05

0.0E+00

440 460 480 500 520
4.5E-05
benz[l]indeno[1,2,3-cd]pyrene
3.6E-05

1.8E-05
1.0E-04

0.0E+00

440 460 480 500 520

1.5E-05

benz[a]indeno[1,2,3-cd]pyrene

1.0E-05

2.7E-05
2.0E-04

0.0E+00

benz[5,6]indeno[1,2,3-cd]pyrene

benz[a]indeno[1,2,3-jk]pyrene
5.0E-06

9.0E-06

440 460 480 500 520

Temperature (°C)

0.0E+00

440 460 480 500 520

Temperature (°C)

0.0E+00

440 460 480 500 520

Temperature (°C)

Figure D5. Yields, as functions of temperature, of indene and fluoranthene benzologues from
supercritical 1-octene pyrolysis experiments conducted at 94.6 atm and 133 sec.
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Figure D6. Yields, as functions of temperature, of indene and fluoranthene benzologues from
supercritical 1-octene pyrolysis experiments conducted at 94.6 atm and 133 sec.
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Figure D7. Yields, as functions of temperature, of benzenoid PAH from supercritical 1-octene
pyrolysis experiments conducted at 94.6 atm and 133 sec.
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Figure D8. Yields, as functions of temperature, of benzenoid PAH from supercritical 1-octene
pyrolysis experiments conducted at 94.6 atm and 133 sec.
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Figure D9. Yields, as functions of temperature, of benzenoid PAH from supercritical 1-octene
pyrolysis experiments conducted at 94.6 atm and 133 sec.
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Figure D10. Yields, as functions of temperature, of benzenoid PAH from supercritical 1-octene
pyrolysis experiments conducted at 94.6 atm and 133 sec.
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Figure D11. Yields, as functions of temperature, of benzenoid PAH from supercritical 1-octene
pyrolysis experiments conducted at 94.6 atm and 133 sec.
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